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ABSTRACT 
The increasing difficulties for further scaling down of Si electronics are driving the 
investigation of alternative channel materials with higher energy efficiency and better 
performance. Among the large variety of semiconducting materials, single walled carbon 
nanotubes (SWNTs) are extremely attractive due to their outstanding charge transport properties 
and ultrathin bodies. One of the most daunting challenge, however, is in creating large-area, 
perfectly aligned arrays of purely semiconducting SWNTs (s-SWNTs).   
Here, we present strategies to address this issue. Nanoscale thermocapillary flows and 
subsequent etching serve as an effective way to remove the metallic impurities in perfectly 
aligned arrays of SWNTs grown on quartz substrates. We develop a nanoscale thermometry-
scanning Joule expansion microscopy (SJEM) for quantitative assessments of the low 
temperature nature associated with this process. Measurements combined with simulations fully 
reveal the essential physics of the thermocapillary flows. We also introduce a simple and 
scalable scheme to initiate the thermocapillary flows through microwave irradiation of SWNT 
arrays. Microstrip dipole antennas of low work function metals concentrate the microwaves and 
selectively couple them into only metallic SWNTs (m-SWNTs). Those efforts allow for 
complete removal of all m-SWNTs, as revealed through systematic experimental and 
computational studies. For a demonstration of the effectiveness, we implement this method on 
large arrays consisting of ~20,000 SWNTs, completely removing all of the m-SWNTs (~7000) to 
yield a purity of s-SWNTs at a level at least to 99.9925%. 
  Lastly, we present several demonstrations of electronic and optoelectronic devices based 
on aligned arrays (both purified and unpurified) and detailed characterization of their 
performance. 
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CHAPTER 1 
INTRODUCTION 
 The main goal of my doctoral research is to develop approaches to create large area, 
horizontally aligned arrays of single-walled carbon nanotubes (SWNTs) that are well suited for 
applications in electronics and optoelectronics. The scope of this work ranges from the 
fundamental understandings of physical properties of SWNTs, to the development of advanced 
characterization and purification techniques for the SWNTs. Preliminary device demonstrations 
like large area field effect transistors (FETs) and light emitting diodes (LEDs) based on SWNTs 
are also included.     
1.1 Emerging Materials for Advanced Electronics  
 We all live in an ‘electronic world’. Electronic devices like computers, cell phones, 
various sensors have gradually become essential parts of our daily lives. The demand of faster, 
cheaper and smarter devices drives the developments of modern electronics in an 
unprecedentedly fast way. Opportunities now open for new materials with properties that could 
potentially meet the needs for improved density, energy efficiency, and reliability.  
1.1.1 Moore’s Law  
 Continued dimensional and functional scaling of the transistors and integrated circuits 
are pushing the information processing technology to move forward (Fig. 1.1)
1
. One important 
evolution direction follows the Moore’s law, which states that the number of transistors in 
densely integrated circuits doubles approximately every 18 months
2
. Accordingly, the transistor 
size, cost and performance also increase exponentially. Although Moore’s law is only an 
observation or conjecture, it has stood for more than half a century. For example, the half–nodes 
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for the semiconductor manufacturing processes based on Si have continuously changed from 
10um in 1971 to 14nm in 2014. The scaling may keep going (more Moore), but with significant 
challenges when the size of Si based transistor become smaller and smaller (roughly half-
nodes<10 nm). Another important development direction is the functional scaling, which is 
typically more important for the non-digital components. It stands for the improvement of an 
existing function of the device (such as RF, optoelectronics, biosensors, et.al.) in terms of size, 
power, speed, or cost, or heterogeneous integration of multiple functions in one type of device 
(called more than Moore)
3
. The trend is driven by the increasing complexity and broad spectrum 
of various applications.    
1.1.2 Scaling Challenges  
 The fast development of information technology posts both significant challenges and 
enormous interests for the materials researches. As the dimensions of transistors approach to the 
fundamental limits, very likely, Si will no longer be suitable for the channel materials. One 
reason is that the large leakage currents (short channel effect) make the transistor unable to turn 
off. Another practical consideration is the increasing power density, which make further scaling 
unrealistic. Because of those limits, several alternate channel materials to silicon metal-oxide-
semiconductor field effect transistor (MOSFET) are being intensively explored. For those 
emerging materials, the principal property where performance can be enhanced is the channel 
mobility, which is the key for computational speed and energy efficiency. In order to avoid the 
short channel effect, the ability and complexity to add effective electrostatic control should also 
be considered. Several other material related issues in consideration are defects, doping, interface 
chemistry, metal contact resistivity, and process integration.  
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 For the development of ‘more than Moore’, the challenges relies on how to use the new 
materials to realize better function, or explore new functions.  
1.1.3 Emerging Materials beyond Si  
 Materials that have potential to outperform Si for extending the CMOS roadmap include 
III-V semiconductors, Ge, nanowires, graphene or two dimensional (2D) materials and single-
walled carbon nanotubes (SWNTs). Transistor channels made of those materials may have 
higher on-currents, lower off-currents and smaller subthreshold swing, resulting in better device 
performance at reduced power.  
 III-V semiconductors (eg. InGaAs and GaAs), and Ge are traditional bulk materials 
similar to Si. For n-channels, InGaAs quantum well FET on silicon has very high mobility, 
ranging from 3000 to 10,000 cm
2
V
-1
s
-1
 
4
. But the mobility drops to comparable or even smaller 
than Si for the p-channel. Situation is the opposite for Ge, where p-channel transistor based on 
quantum well stays at ~770 cm
2
V
-1
s
-1
 (N = 5×12 cm
-2
)
5
. The electron mobility drops very fast 
from high bulk value of 3900 cm
2
V
-1
s
-1
 to very low values~200 cm
2
V
-1
s
-1
 once the doping level 
increases. Since it is hard to just use one type of those materials for the CMOS, heterogeneously 
integration of both IIIV and Ge is necessary. However, even integration of either III-V 
compounds or Ge with CMOS devices is quite challenging, combining two materials together 
would be more complex. Additional concerns include whether these materials can be scaled to be 
small enough while still keeping excellent performance; how to avoid the short channel effect 
and if proper dielectrics could be found to minimize the surface charge scattering. 
 Semiconducting nanowires have the potential advantages of improved electrostatic 
control by gate-all-around structure, which can relieve the short channel effect. However, the 
mobility of nanowire is smaller than the counterparts of the bulk materials, due to additional 
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surface scatterings. Other significant challenges are how to control the size and shape of 
nanowires, how to control the placement (or integration with CMOS), how to control the doping 
and surface passivation.   
 Graphene and other 2D materials (silicene, germacane, MoS2, MoSe2, WS2, Wse2, 
et.al) represent a new type of promising candidates for the channel materials discovered in the 
recent 10 years. The primary advantages of 2D materials are their potentially high mobility and 
the ability to process in a planar form. In addition, they have similar mobilities for both hole and 
electron due to symmetric conduction-valence bands, which would be helpful for the integration 
with CMOS. For graphene, the mobility is reported as high as 25,000 cm
2
V
-1
s
-1
 
6
, measured from 
large area CVD growth samples. The major problem for graphene is the lack of bandgap. As a 
result, graphene is not suitable for digital electronics applications. The radio frequency (RF) 
application, on the other hand, is quite promising. Other 2D materials have substantial bandgaps 
(between 1 eV~2 eV)
7
, but their mobilities are relatively low, typically from 200 cm
2
V
-1
s
-1
 to 
400 cm
2
V
-1
s
-1
 
3
.  
 Finally, SWNTs are the focus of my dissertation. Ever since the demonstration of the 
first carbon nanotube based field effect transistor (FET) in 1998
8
, SWNTs have been considered 
as one of the most promising candidates to replace Si when the channel length is smaller than 10 
nm. In 2013, SWNT based ‘Carbon nanoelectronics’ has been selected as ‘Technology 
Highlighted for Accelerated Development’ by committee of International Technology Roadmap 
for Semiconductors (ITRS)
3
. It is time to accelerate the development of this technique for new 
well-defined information processing devices. 
 
1.2 General Properties of SWNTs 
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 Among the remarkable variety of semiconducting nanomaterials that have been 
discovered over the past two decades, single walled carbon nanotubes (SWNTs) remain uniquely 
well suited for applications in high performance electronics, sensors and other technologies. In 
this section, we will discuss the general properties of SWNTs, elucidating why this material has 
great potentials to outperform Si. 
1.2.1 What is SWNT? 
 Single walled carbon nanotubes (SWNTs) can be viewed as one dimensional hollow 
tubes rolled from a single layer of carbon atoms (graphene)
9
 (Fig. 1.2). By rolling in different 
directions, SWNTs with different patterns or chirality can be obtained. For instance, in one 
rolling direction, we can get metallic SWNTs where no band gap exist between the conduction 
and valence band; While in the other direction, semiconducting SWNTs with band gap inversely 
proportional to the diameter can be obtained (Fig.1.2).  
 SWNTs are a unique class of materials. Along with very small diameters (ranging from 
0.5 nm to 1.5 nm)
10
, SWNTs have exceptional electrical, thermal mechanical and optical 
properties. For instance, the mobility for both electrons and holes in SWNTs are very high (up to 
~10,000 cm
2
V
-1
s
-1
 for individual SWNTs)
11
. The current carrying capability can be as high as 
~10
9
 A/cm
29
. SWNTs also have very high thermal conductivity, ranging from 10
2
~10
3
 W/K/m. 
As a result they have been investigated in the area of digital electronics
12
, RF electronics
13
, 
optoelectronics
14
 and chemical/biological sensing
15
.  
1.2.2 Important Properties for Digital Electronics   
Specifically for the digital electronic applications, SWNTs have several advantages for 
use as alternate channel materials beyond Si CMOS. 
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First of all, SWNTs have very high mobility. The intrinsic (only consider acoustic 
phonon scattering), theoretical calculated mobility for s-SWNTs ranges from 10
3 
to 10
4
 cm
2
V
-1
s
-
111
. The high mobility makes ballistic transport over substantial distances possible. The ballistic 
transport, together with the high carrier injection velocity (also due to high mobility) enables the 
fast switching for the SWNT based FETs.  
Secondly, SWNTs based FET may consume less power. One biggest issue for aggressive 
scaling is the enormous power generation. This causes huge problem for the thermal 
management. SWNTs are amenable to band-to-band-tunneling. SWNT based FET could provide 
subthreshold slopes, S << 60mV/dec, leading to lower dissipated power (same on current but 
with lower voltage). The recent demonstration includes the fabrication of CMOS inverters and 
pass-transistor logic operating at 0.4 V (Silicon operates at 1V) with a non-doped SWNT
16
. 
Thirdly, SWNTs have ultra-thin and smooth body. The ideal “gate all around” transistor 
can provide nearly ideal gate control of the channel electrostatics, which would effectively 
minimize the short channel effects. Recent advances demonstrate the fabrication of 
complementary gate-all-around FETs
17
, showing that the SWNT maintains excellent 
performance as the channel length is scaled down to 9 nm without observing short channel 
effects
12
. 
As a direct comparison to Si transistor, Fig. 1.3a shows that the SWNT based FET 
outperform Si based FinFET, in terms of energy consumption and performance. Figure 1.3b 
includes the optimized parameters for such SWNT transistors. 
In addition, SWNTs possesses many other properties suitable for electronics that are 
‘more than Moore’. For the RF electronics, SWNTs are considered to be ‘inherently linear’18 and 
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have relatively low capacitance (~100 aF/µm), suggesting the potential for operations at 
Terahartz frequencies. The flexibility of SWNTs is good for flexible thin film transistors, and 
high surface volume ratio makes it a good candidate for various biochemical sensors
15
.  
1.2.3 SWNT Thin Films 
 Individual SWNT, although possesses extremely high mobility, lacks sufficient current 
capacities for use in practical systems, however, dense films incorporating many individual 
SWNTs may offer promise for these applications. The evolution of the SWNTs to the dense 
films starts with the single SWNT
11
 (Fig. 1.4a), with output current in the range of μA/μm. As an 
improvement, random networks of SWNTs where the SWNTs are densely and randomly 
oriented has enhanced current output up to mA/μm (Fig. 1.4b)19. However, due to the poor 
electrical conduction paths, which rely on inter tube junctions with very high electrical contact 
resistance, such film has very poor device mobility (~80 cm
2
/V/s). The perfectly aligned arrays 
of single walled carbon nanotubes (AA-SWNTs) (Fig. 1.4c), on the other hand, have SWNTs 
closely packed and aligned in one direction, resulting in both high mobility (~1500 cm
2
V
-1
s
-1
) 
and high current output (~mA/μm)20.  
 By using AA-SWNTs (here grown by CVD on quartz substrate), high performance 
electronics has been demonstrated. Figure 1.5a shows the schematic of a field effect transistor 
unit build on the AA-SWNTs. With this basic unit, more advanced applications are fulfilled. For 
example, flexible devices with mA output current can be obtained, with stable operation (Fig. 
1.5b); also, complimentary MOS FET can be fabricated, constructing invertor circuits with gain 
around 1.8 (Fig. 1.5c). Taken together, these results indicate a scalable path to SWNT-based 
thin-film electronics, with high-performance capabilities. 
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1.3 Challenges for SWNT Electronics  
 Multiple challenges remain before realizing the practical use of SWNTs. Those 
challenges include (1) the purity control, (2) the density and placement control, (3) electrical 
contacts formation, (4) gate dielectric deposition and (5) doping control.   
1.3.1 Purity Issue and Purification Methods 
 For digital electronics applications, the metallic impurity level in the SWNT arrays 
needs to be less than 1ppm, corresponding to a purity level 99.9999% (Fig. 1.6)
21
. Generally, 
there are three categories of approaches towards to this goal: the solution based process, the non-
solution based process and selective growth.    
 The solution based processes use selective chemistries to bind to different SWNT types 
with varying affinity, yielding differences in density that can be exploited by physical 
purification techniques such as ultracentrifugation or chromatography
22-24
. A wide variety of 
chemistries have been exploited to allow sorting based on electronic types, including flourene 
based polymer wrapping
25
, DNA wrapping
26
, and competitive surface interactions between co-
surfactant mixtures
27
. These approaches can yield solutions with up to 99.9% pure s-SWNT 
populations, with the potential to achieve higher purity levels by repetitive purification. 
Furthermore, they are scalable and depending on the technique can be fairly cost effective. The 
key drawbacks of all of these approaches are the challenges to assemble into aligned arrays, and 
to achieve optimal electronic properties due to defects and contaminations introduced in the 
solution processes. 
 Non-solution based processes can be directly applied to the aligned arrays of SWNTs 
grown on quartz. These approaches include electrical breakdown
28
, chemical etching
29-31
, optical 
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ablation
32
, et.al. They have shown the capability to preferentially damage or remove the m-
SWNTs. However, almost all of them also either leave a significant percentage of m-SWNTs, or 
destroy or degrade a significant percentage of s-SWNTs or both.  
 Several groups also investigated the possibility of directly growing pure semiconducting 
SWNTs by CVD methods
33-35
. Through manipulating the catalysts, the feeding gas or other 
growth parameters, SWNTs with enriched semiconducting type can be obtained. Selective 
growth has the advantage of yielding pristine SWNTs. Therefore this approach is the most ideal 
way if succeed. However, the current purity level that is reported is only around 97%, due to the 
difficulty of precisely controlling the growth conditions.      
1.3.2 Placement and Density Control 
 For digital device applications, SWNTs must be placed in an aligned manner, with high 
densities ~100 SWNTs/μm (Fig. 1.6) and consistent pitches21. Assembly methods based on 
solution processed SWNTs include the Langmuir-Schaefer film assembly
36
, dielectrophoretic 
assembly
37
, and surface functionalization assembly
38
. Those methods are compatible with the 
solution based SWNTs. They are fast, scalable and can achieve high density up to 50 
SWNTs/μm with relatively consistent pitch level (500 SWNTs/μm with sometimes double 
layers). However, the alignment and placement are still far from ideal. Bundles, double layers 
and misalignment often exist; Also since the starting SWNT solution only have purity 
level~99.9%, substantial number of devices show low on-off ratio, especially when the channel 
length is short.  
 CVD Growth on quartz substrate yields pristine, perfectly aligned SWNTs. The growth 
continues to make progress, reach up to 50 SWNTs/μm, or 10 SWNTs/μm with 95%34 
semiconducting type by selective growth. However, more efforts are needed to achieve 
10 
 
consistent pitches. Moreover, since the purity level is less than ideal, post-purification methods 
are required to remove the metallic impurities, which is one of the biggest challenge for CVD 
growth SWNTs. The main work of this thesis (described in chapter 3-6) is to find an effective 
method to purify those SWNTs, to the level that meets the requirement of digital electrics 
applications.  
1.3.3 Characterization Methods 
 Various techniques have been developed to characterize the SWNT films, in terms of 
the morphology, purity and defect level, et.al. The most ideal method, however, needs to be 
deterministic, fast and noninvasive.     
 Electrical characterization remains to be the most deterministic way to tell the purity 
level
37,38
. Judged from the on-off ratio and the off current from the transistors made of the 
SWNT films, impurity level as low as ppm can be distinguished. The device mobility as well as 
the on current is important criteria for the quality of the SWNTs (ie. defect levels). Drawbacks 
regarding of the electrical characterization is the relatively low output, and requires various 
processes for fabricating the transistors.   
 Tip based characterizations (like atomic force microscopy-AFM) have superb spatial 
resolution (up to ~100 nm). Therefore, they are suitable for imaging the details. Various tips also 
provide versatile aspects of inspections, such as topography, temperature
39
, electrical potential, 
defects, et.al. However, the biggest issue for tip based characterizations is also the very low-
throughput. For example, AFM scanning takes minutes to finish micro size imaging. 
 Optical methods like absorption spectroscopy
40
, Raman spectroscopy
41-43
, scanning 
electron microscopy (SEM)
44
 have very high-throughput and are generally non-invasive. The key 
11 
 
is to improve the accuracy of the optical method. For example, how to accurately detect the ppm 
levels of the metallic SWNTs, or assess very low defect density.  
 Probably for the current being, the most realistic path to characterize a large number of 
SWNTs (e.g. SWNTs assembled on wafer scale) is to combine all three types of 
characterizations together: first use optical method to perform fast and overall checking, and then 
use electrical method to do medium scale sampling and if necessary, use tip based technique for 
several random samplings.    
1.3.4 Other Challenges 
 Other important remaining challenges for SWNTs are the electrical contact, gate 
dielectric deposition and doping controls. Since they are not the focus of this thesis work, I 
would not discuss the detail challenges and progresses. People who are interested in either aspect 
can refer to ref.3.    
1.4 In this Thesis  
 Chapter 1 defines the background and motivation of the work. It provides a general 
overview of the opportunities and challenges for SWNTs, particularly in information processing 
technology.  
 Chapter 2 describes a tip-based method to characterize the heat generation and transport 
characteristics in aligned arrays of SWNTs integrated into transistor structures. This technique is 
named scanning Joule expansion microscopy (SJEM). The measurements can reveal electronic 
behaviors, including metallic and semiconducting responses, spatial variations in diameter or 
chirality, and localized defect sites. Analytical models, validated by measurements performed on 
different device structures at various conditions, enable accurate, quantitative extraction of 
12 
 
temperature distributions at the level of individual SWNTs. Using current equipment, the spatial 
resolution is as high as ~100 nm and temperature precision as good as ~0.7 K. 
 Chapter 3 describes a technique for purifying aligned arrays of SWNTs based on 
thermocapillary flows and etching. Electrical probing of three-terminal transistor-structures 
patterned on the SWNTs selectively induces Joule heating on the metallic SWNTs (m-SWNTs). 
The Joule heating drives the local flow of a thin coating of thermocapillary resist (Tc-resist), to 
expose the m-SWNTs, which later on are etched away by oxygen plasma. SJEM developed in 
Chapter 2 characterizes the low temperatures of the process. Together with the theoretical study, 
they reveal all of the essential attributes of the underlying thermophysical phenomena to the 
purification process.  
 Chapter 4 describes a simple, scalable scheme that achieves large-area, perfectly aligned 
arrays of purely semiconducting SWNTs (s-SWNTs), through microwave irradiation of SWNTs 
grown on quartz substrates. Microstrip dipole antennas of low work function metals concentrate 
the microwaves and selectively couple them into only metallic SWNTs (m-SWNTs). The result 
allows for complete removal of all m-SWNTs, as revealed through systematic experimental and 
computational studies of the process. As one demonstration of the effectiveness, implementing 
this method on large arrays consisting of ~20,000 SWNTs completely removes all of the m-
SWNTs (~7000) to yield a purity of s-SWNTs at a level corresponding, quantitatively, to at least 
to 99.9925% and likely significantly higher. 
 Chapter 5 describes another simple method to initiate the thermocapillary flow for the 
purification, by electrically probing two-terminal interdigitated electrodes patterned on the 
SWNTs. Interdigitated electrodes would be the state-of-art choice for purification if no high 
intensity microwave radiation source is available. Relying on low work-function metal contacts 
13 
 
and proper channel length designs validated by theoretical calculations and experiments, 
Schottky barriers between the interdigitated fins and SWNTs are maintained, which guarantees 
the processing selectivity. Infrared camera and theoretical studies reveals the effectiveness and 
mechanism of controlling the processing temperature through pulsed stressing. We demonstrate 
the effectiveness via statistically study the electrical properties of the purified SWNTs. 
 Chapter 6 describes a particular device demonstration based on aligned arrays of 
SWNTs, i.e. two terminal light emitting diode (LED) with asymmetric metal contacts. Among 
the various configurations that can be considered in SWNT LEDs, two terminal geometries offer 
the simplest solution. We study, experimentally and theoretically, the mechanisms of 
electroluminescence in devices that adopt this design. The results suggest that exciton mediated 
electron-hole recombination near the lower work-function contact is the dominant source of 
photon emission. High current thresholds for electroluminescence in these devices result from 
diffusion and quenching of excitons near the metal contact. We also show that the efficiency and 
the cleanness of the spectrum can be improved by eliminating the metallic impurities in the 
array. 
 Chapter 7 provides an overview of the research presented here and a discussion of 
directions for future work. 
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1.6 Figures 
 
Figure 1.1 Development trends for modern electronics1. There are two main directions:  One is called ‘more Moore’, which 
relies on the continuous scaling of device dimensions to ensure better performance and lower cost; the other one, named ‘more 
than Moore’, focuses on the improvement in a single function, or heterogeneously integration of multiple functions.    
 
 
 
 
 
Figure 1.2 Schematic diagram showing the forming of SWNTs from a single layer of grahene
9
. M (metallic, no band gap) and S 
(semiconducting, with band gap inversely proportional to diameter) stands for two types of SWNT result from different rolling 
ways.   
19 
 
 
Figure 1.3 (a) Simulated energy versus calculation speed for both Si FinFET and CNTFET technologies. The data reveals a 
greater than two-fold improvement in both performance and energy per transition when going from Si FinFET to CNTFET 
technology. (b) Table of the CNT parameters determined by the optimizer program (at Vdd ∼ 0.3 V). 
 
 
 
 
 
Figure 1.4 The evolution of the SWNTs (a) individual SWNT
11
 (b) random networks of SWNTs
45
 (c) aligned arrays of 
SWNTs.
20
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Figure 1.5 (a) Schematic of the field effect transistor based on AA-SWNTs (ref.20). (b) demonstration of flexible electronics 
based on AA-SWNTs (c) demonstration of the CMOS inventor based on AA-SWNTs. 
 
 
 
 
 
Figure 1.6 A road map regarding of the purity and density issues, on which both the developments and the future projections of 
these two issues are sketched out (ref.21). The blue symbols stands for the development of the purity which is plotted as the 
percentage of the metallic portion and purple symbols are for the density. From the industrial perspective, by the year of 2020, 
the density of the tube needs to reach 125 tubes per um and the purity requires fewer than 1 metallic tube within one million 
tubes, in order for the carbon nanotube transistors to be really competitive in the digital electronics area. 
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CHAPTER 2 
THERMAL IMAGING OF SWNT DEVICES 
 This chapter was published as “Quantitative Thermal Imaging of Single Walled Carbon 
Nanotube Devices by Scanning Joule Expansion Microscopy, X. Xie, K. L. Grosse, J. Song, C. 
Lu, S. N. Dunham, F. Du,
 
A. E. Islam,
 
Y. Li, Y. Zhang,
 
E. Pop,
 
Y. Huang,
 
W. P. King,
 
and J. A. 
Rogers, Acs Nano 6, 10267-10275 (2012).” Reproduced with permission from this journal. The 
analytical derivations presented in this chapter are outcomes of close collaborations and joint 
work with theorists.  
2.1 Introduction 
Superior electrical and thermal properties of single walled carbon nanotubes (SWNTs) 
enable high performance transistors,
1,2
 advanced interconnects
3
 and other components of 
relevance to various existing and emerging forms of electronics. Heat generation and transport 
characteristics of devices that incorporate SWNTs are critical in understanding the fundamental 
properties and engineering considerations in device design. Such issues are particularly 
important because all known growth techniques yield SWNTs with distributions in diameters and 
chiralities, and with densities of defects that can affect device performance
4,5
 either directly, or 
indirectly through non-uniform distributions of Joule heating.
6,7
 Although optical techniques, 
such as Raman
8-10
 and infrared spectroscopy,
11,12
 can map the distributions of temperature in 
SWNT devices, their limits in spatial and temperature resolution are defined by wavelengths of 
visible and infrared light and by background noise in the sensors, respectively. Methods based on 
atomic force microscopy (AFM), on the other hand, have the potential to overcome such 
limitations, thereby enabling studies of thermal transport at significantly improved resolution. 
22 
 
One such technique, known as scanning thermal microscopy (SThM), offers useful capabilities 
in characterizing temperature distributions in nanometer-scale electronic devices.
13-17
 In SThM, a 
specialized tip or cantilever incorporates an integrated temperature sensor that can be scanned 
over a surface to measure temperature with sub-micrometer spatial resolution.
17-21
 Key 
challenges for SThM are in integration and calibration of the required, specialized thermal 
probes. In particular, heat flows between the cantilever and substrate can be difficult to describe 
accurately, thereby diminishing the quantitative capabilities of the measurements.
22, 23
 Strategies 
for reducing these artifacts include extensive modeling, methods to subtract the background 
signals and use of vacuum conditions during measurement.
22-24
 Scanning Joule expansion 
microscopy (SJEM)
25,26
 offers an alternative that avoids these challenges in which conventional 
AFM cantilevers measure nanometer-scale thermal expansions, as a means to reveal underlying 
distributions of temperature.  
Here we report the application and further development of the SJEM method to 
investigate heat generation and transport in transistors that incorporate straight, horizontally 
aligned arrays of individual SWNTs.  The small dimensions (diameters ~0.5-1.7 nm)
27
 of these 
SWNT-based heat sources and their quasi-one-dimensional nature differentiate them from 
structures that have been examined previously by SJEM.
28-30
  The images directly and 
immediately reveal important physics associated with Joule heating in SWNT devices under 
various electrical bias conditions, in ways that can be used to identify defects and other non-ideal 
features of the SWNTs, as well as variations in electrical switching behaviors. Quantitative 
interpretation of the results with analytical models and finite element analysis (FEA) for heat 
flow and thermal expansion enables accurate determination of the distributions in temperature. 
Studies using different device structures, examined at various operating frequencies, provide 
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insights into the limits in spatial and temperature resolution, and the important mechanics that 
governs interactions between the tip and sample.  The results demonstrate that SJEM can be a 
useful tool for exploring thermal and electrical properties in SWNT devices, and, by extension, 
other components that incorporate nanomaterials.  
2.2 Results and Discussion 
  Figure 2.1 shows a schematic illustration of the setups for SJEM measurement on a 
device with several straight, well-separated, aligned SWNTs on a SiO2/Si substrate. An 
alternating voltage ( ) cos(2 )dsV t V ft  applied between the drain and source contacts causes 
Joule heating in the SWNTs, and an associated time-oscillating rise in temperature (with 
frequency 2𝑓).  A direct current (DC) voltage applied to the silicon wafer serves as a back gate 
to control the electrostatics. A layer of poly(methylmethacrylate) (PMMA) spin cast uniformly 
onto the device substrate protects the SWNTs during contact scanning and prevents electronic 
coupling between the tip and the device components. This film also amplifies the 
thermomechanical deformations (oscillating at 2𝑓) induced by thermal expansion that follow 
heat flow into the surroundings from the SWNT.
26
  An AFM probe operating in contact mode 
and scanning the top surface of the PMMA measures the vertical displacements.  Detection with 
a lock-in amplifier set to the frequency 2𝑓 reveals deflections of the AFM cantilever due to 
electrically driven thermal expansion. The two-dimensional (2D) spatial maps of 
thermomechanical expansion (i.e. amplitude of the oscillating vertical displacement) that emerge 
from measurements of this sort are directly related to the heat generation in the SWNTs and 
thermal diffusion and, as a result, the associated temperature distributions.
25
 Figure 2.1 
corresponds to the case of SWNTs incorporated into a field effect transistor (FET) in a back-
gated geometry, where the gate bias is Vg. 
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2.2.1 Qualitative Imaging to Identify the Types of SWNTs   
The arrays contain a mixture of metallic and semiconducting SWNTs. Figure 2.2a shows 
an AFM topographical map of a device with channel length L ~ 3.7 m that incorporates two 
SWNTs spaced by ~1.5 m on a SiO / Si (300 nm / 300 m) substrate, with the drain and 
source contacts on the left and right, respectively. The device is coated with a layer of PMMA 
(thickness ~310 nm) for imaging.  Figure 2.2b-f presents SJEM images collected at f = 25 kHz, 
Vds = 3 V and at gate voltages of Vg = 20 V, 10 V, 0 V, -10 V and -20 V, respectively. The 
expansion signals coincide with the locations of the SWNTs, for which maxima and minima 
occur in the channel and near the metal contacts, respectively, as would be expected based on 
heat flow considerations and operation of the device in the long-channel, diffusive transport 
regime.
6,15,31
  For the SWNT in the upper region of this image, the expansion is similar for all 
gate voltages. By contrast, the SWNT in the lower region shows expansion that is nearly 
undetectable at Vg = 20 V but which gradually increases as Vg decreases and then becomes more 
negative.  The expansion profiles along the upper and lower SWNTs appear in Figure 2.2g and 
2.2h, respectively, for all Vg.  The behaviors observed for the upper SWNT (Figure 2.2g) are 
consistent with a metallic type, and with heat flow into the substrate along the length of the 
SWNT and into the metal electrodes near the contacts, similar to previous observations.
7,14,15
 
Features observed for the lower SWNT are consistent with semiconducting behavior and hole 
transport. The maximum expansion signal at Vg = -20 V is about 10 times larger than that at Vg = 
20 V, the latter of which is comparable to the noise level in the measurement. More interestingly, 
the shapes of the profiles change somewhat with Vg, suggesting variations of power dissipation 
along the SWNT during the switching process, presumably caused by some combination of 
electrostatics, charge transport in the SWNTs and variations in local charge distributions, many 
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aspects of which are influenced by time-dependent levels of hysteresis that are present in devices 
of this sort.
32
 
2.2.2 Quantitative Imaging of Heat Dissipations in SWNTs   
In addition to basic information such as identification of metallic and semiconducting 
behaviors, SJEM can reveal other electrical properties associated with heat dissipation. For 
example, Figure 2.3a shows a representative transfer characteristic and a scanning electron 
microscope (SEM) image (inset) of a device incorporating a single metallic SWNT formed by 
direct growth on a SiO2/Si (200 nm / 500 m) substrate (see Methods). Figure 2.3b presents an 
SJEM image for Vds = 3 V, Vg = 0 V, f = 30 kHz and with a PMMA coating thickness of ~120 
nm. Two distinct segments with substantially different expansion signals appear along the length 
of the SWNT.  A close examination (Figure 2.3c) of the device, without the PMMA, reveals that 
the direction of the SWNT changes abruptly along the channel at the point that coincides with 
the change in thermal behaviors. AFM measurements of diameters yield 1.0 𝑛𝑚 (±0.25 𝑛𝑚) 
and 1.2 𝑛𝑚 (±0.25 𝑛𝑚) for the hotter and colder segments, respectively. These observations 
suggest that a change in chirality and diameter, which can occur during the growth,
33
 results in 
different electrical resistances and power dissipation characteristics.  Application of Vds without 
the PMMA coating leads to the destruction of the SWNT to form a small gap (black arrow) that 
matches the location of the largest expansion signal, as might be expected for a thermally driven 
breakdown process.
6,31
 
SJEM yields quantitative information about the power dissipation and temperature field 
that provides further insights into the physics of SWNT devices. Experimental demonstration of 
these capabilities is most clearly accomplished through SJEM measurements on devices that 
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incorporate single, individual SWNTs, such as the one in Figure 2.3a. Figure 2.3d and 2.3e show 
the expansion signal profiles (solid squares) for this device, extracted along cross sections 
marked by dotted lines A and B in Figure 2.3b, respectively. To quantitatively explain these 
profiles, we performed a 2D analytical study as well as a finite element analysis (FEA) of the 
coupled thermal and mechanical responses. Here a 2D treatment, for locations away from the 
contacts, represents a reasonable approximation due to the long lengths and small diameters (i.e. 
large aspect ratio) of the SWNTs. Moreover, the typical thermal transfer length along the SWNT 
near the contacts is a few hundred nanometers,
6
 which is much smaller than the overall length of 
the SWNT.  
The analytically modeled system in this case includes a PMMA coating with thickness 
0h  on a layer of SiO2 with thickness 1h . The silicon substrate underneath is assumed to be 
infinite.  The SWNT has radius r0 and lies at the interface between the PMMA and SiO2. The 
center of the SWNT marks the origin of a Cartesian coordinate system with x along the interface, 
in a direction perpendicular to the SWNT, and with y into the Si substrate. The temperature 
distribution is obtained by solving the heat diffusion equation 
2 2
2 2
0
  

   
   
   t x y
          (1) 
where  is the thermal diffusivity and T T   is the increase in temperature relative to the 
ambient temperatureT . In the following, subscripts 0, 1 and 2 specify the physical properties of 
the PMMA, SiO2 and Si, respectively. The boundary conditions include zero heat flux at the top 
surface of the PMMA (
0
0 0
y h
k
y



 

, where k is the thermal conductivity), and ambient 
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temperature at infinity ( | 0y  ). The temperatures and heat fluxes across all interfaces are 
assumed to be continuous, except at the location of the SWNT, where the heat generation 
requires 0 10 0
0
y y
Q
k k
y y r
 

  
 
 
 
 for
0 2x r , where Q  is the power dissipation per unit 
length along the SWNT. For an applied voltage  cosdsV V t as in the experiments, 
0(1 cos(2 ))Q Q t   has both DC (i.e. 0Q ) and AC (i.e. 0 cos(2 )Q t ) components, where
2 f  is the angular frequency and 0Q  is the amplitude of the oscillating power density. The 
resulting temperature rise and the thermal expansion will have both steady-state terms and time 
oscillating terms. Since SJEM measures the time-oscillating component of the expansion, we 
consider only the AC power input 0 cos(2 )Q Q t and the corresponding oscillating temperature 
rise and expansion,
 
but ignore the steady-state contribution (the steady-state terms can be 
obtained by letting 0  in the final solution). To solve the heat transfer equation, we represent 
the oscillating temperature in the PMMA as      0, , , exp 2x y t x y i t   , and calculate
 0 ,x y through the Fourier Cosine Transform to find: 
2 2 2 2 2 2
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As an approximation, the contribution of SiO2 and Si to the thermal expansion can be 
neglected since their coefficients of thermal expansion (CTE) (~1x10
-6
) are more than ten times 
smaller than that of PMMA (~5x10
-5
).  (We note that although the Si substrate is thick, the 
temperature rise is significant only near its surface and diminishes quickly.  This behavior leads 
to an approximately spatially uniform contribution to the total expansion). Neglecting expansion 
in SiO2 and Si allows an analytical study of the SJEM signal by considering expansion in a layer 
of PMMA that is traction-free at its top surface ( 0y h  ) and fully constrained at its base ( 0y 
). The full solution indicates that at low frequencies, when the thermal diffusion length for the 
PMMA is much larger than the PMMA thickness (for purposes here, we define this length as 
 
1/2
0 0/ DL h ), the temperature throughout the thickness of PMMA is approximately 
equal to its surface temperature, and the amplitude of the oscillating vertical displacement at the 
PMMA top surface (i.e. the detected thermal expansion in experiment) can be written simply as: 
  00 0 0 0 0
0
1
, ( , )
1
yu x h h x h

 


  

          (3) 
where 0  and 0  are the Poisson’s ratio and CTE of PMMA, respectively. We also performed 
coupled thermomechanical FEA to verify the results of the analytical treatment (see Methods 
part). 
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Based on such models, the measured cross-sectional SJEM profiles can be fit using the 
power dissipation per unit length 0Q as the only free parameter, with all other materials constants 
taken from the literature
34-43
. The results appear as red lines (analytical) and green dots (FEA) in 
Figure 2.3d and 2.3e. When 0Q  
~ 3.9 W/m for cross-section A and ~1.7 W/m for cross-
section B, the computed results match the measured ones remarkably well. Repetitively fitting 
each measured cross-section yields 0Q  as a function of position along the SWNT.  Integration 
yields a total power of ~14.6 W, which compares well to the measured total input power ~18 
μW. The fact that most of the power (~81%) is dissipated in the device channel is consistent with 
modest resistances at the electrical contacts.  
A simple, complementary, way to consider the results is to note that the temperature 
increase of the SWNT can be written as
 0 int
(1/ 1/ )SWNT surQ g g   , where gint is the interfacial 
thermal conductance per unit length along the tube
6,31
 (at the interfaces between SWNT and 
PMMA, SiO2), and gsur is the spreading thermal conductance from the surroundings of the 
SWNT to the ambient, including contributions from PMMA, SiO2 and Si. The analytical 
expressions in Eq. (2) yield values for
0 0/ (0,0)surg Q  ≈ 0.75 W/m/K and 0.73 W/m/K for r0 = 
0.5 and 0.6 nm, respectively. Literature reports suggest that int 02g r h  ( intg ≈ 0.47 W/m/K for 
r0 = 0.5 nm and 0.57 W/m/K for r0 =0.6 nm), where ℎ = 1.5 × 108 W/m2/K is the thermal 
coupling per unit area for typical metallic SWNTs.
31
 With these parameters and radii of r0 = 0.5 
nm and 0.6 nm for the hotter and colder segments, respectively, we obtain temperature 
distributions that are consistent with measurement and modeling (Figure 2.3f). This profile 
accurately reflects the distinct heating from the two segments, except within a few hundred 
nanometers (the thermal transfer length
6,7
) near the metal contacts and the joint region between 
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the hotter and colder segments, where the temperature is somewhat overestimated due to 
inaccuracies that arise from application of the 2D analysis to regions with non-uniform heating. 
2.2.3 Spatial and Temperature Resolutions of SJEM   
The achievable levels of spatial and temporal resolution are important characteristics of 
the measurement. To examine the limits of the technique, and to further understand heat flow 
from the SWNT, we studied devices with different thicknesses of SiO2 and PMMA.  Figure 2.4a 
shows the characteristic widths (full width at half maximum, FWHM) of the measured 
temperature signal along the sample surface and across individual SWNTs, similar to those in 
Figure 2.3d-e, on 90 nm (solid square) and 200 nm (hollow square) thick layers of SiO2, imaged 
at f = 30 kHz.  Also shown are results of FEA (solid and hollow circles) and analytical modeling 
(solid and dashed lines). Throughout the range of PMMA thicknesses (25 nm ~ 370 nm), the 
FWHM of profiles for the 90 nm SiO2 case are smaller than those for 200 nm SiO2.  Likewise, 
the FHHM decrease almost linearly with thickness of the PMMA, corresponding to an increase 
in spatial resolution. In all cases, experiment agrees well with modeling.  We note the 
temperature signal is a convolution of the thermomechanical expansion, which is mostly in the 
vertical direction, and the temperature field near the CNT, which varies in both the vertical and 
lateral directions.   
The temperature resolution, defined as the temperature rise in the SWNT that causes the 
smallest detectable expansion signal, can be represented as 
 
int
0 0
(1/ 1/ )
0, /
sur
y
h
T g g
u h Q

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
, where h is the noise equivalent height. This latter 
parameter originates from cantilever noise,
25
 and both mechanical and electrical noise in the 
AFM system.  The thermomechanical expansion is almost entirely in the vertical direction, 
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which simplifies analysis of the temperature resolution.
28
 For typical experimental conditions ( f 
< 90 kHz, Asylum ACT 240 cantilever, bandwidth for the lock-in amplifier between 3.4 Hz and 
35 Hz), h is between 0.7 pm and 1.6 pm.  The temperature resolution T  also depends on the 
thermomechanical expansion of the PMMA (i.e. 0 0(0, ) /yu h Q ). As the PMMA thickness 
increases, the total expansion signal increases for a given temperature rise, thereby providing an 
improved temperature resolution. Finally, the interfacial thermal resistance between SWNT and 
surroundings further decreases T .  The temperature resolution, for the SWNT shown in Figure 
2.3, is estimated to be ~ 0.7 K. 
The dependence of the spatial resolution on operating frequency is also important, and 
can be understood in terms of the thermal diffusion length.  Figure 2.4b shows the FWHMs of 
the cross sections from the measured signals, for a SWNT on SiO / Si (90 nm / 300 m) with 
PMMA (370 nm) at different frequencies, including both experiment and modeling results. At 
low frequencies, the width remains nearly constant, since the thermal diffusion length 
DL  of 
PMMA is large compared to its thickness. As the frequency increases, the width decreases, 
consistent with a reduction in DL . Further increases in frequency leads to another regime 
frequency independent behavior, as DL becomes comparable to and less than the thickness of 
PMMA.  The magnitudes of the expansion signals show frequency dependence as well, as 
illustrated in Figure 2.4c (solid square).  Here, the green solid circles and red solid line 
correspond to the FEA results and analytical simulations, respectively. The general trend is that 
the expansion magnitude decreases as the frequency increases, with the exception of several data 
points that show anomalously large signals at frequencies near 150 kHz. This behavior is related 
to resonant vibrations of the tip, and is not included in the thermomechanical simulation. The 
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implication here is that quantitative SJEM measurements can be most easily made at low 
frequencies, where the AFM tip simply follows the thermal expansion profiles. Although high 
frequency operation increases the spatial resolution, measurements in this regime can be difficult 
to analyze quantitatively due to complexities associated with tip-sample interactions. 
2.2.4 Quantitative Thermal Imaging of Point Defects  
As a demonstration of the versatility of the technique when implemented with PMMA 
thicknesses optimized according to the results described above, SJEM can be used to examine 
SWNTs that have defects. SWNT devices, even formed with pristine SWNT grown by chemical 
vapor deposition (CVD), often include defects
44
 that can affect their electronic properties.
5
  
SJEM can image these defects to determine not only their spatial positions, but also their effects 
on charge transport, via influence on local Joule heating. Figure 2.5a presents an AFM 
topographic image of a device with three SWNTs.  One of the SWNTs has a prominent kink in 
the middle of the channel, as shown by the magnified image (inset in Figure 2.5a). This kink 
results from growth, and can be considered as a topographic defect. Figure 2.5b shows a SJEM 
image of this device, imaged using a 25 nm thick coating of PMMA at a frequency of 30 kHz 
and Vg=0 V. Here, one SWNT exhibits nearly uniform expansion along its length; another 
SWNT shows almost no signal (due to high combined resistances in the contacts and this 
particular SWNT); the third exhibits a sharp peak corresponding to the site of the kink defect. 
Extraction of the expansion magnitude along this SWNT (black squares in Figure 2.5c) shows 
that the signal of the defect is about 8 times higher than the average level along the remainder of 
this SWNT, indicating substantial local heating.  
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Using a 3D FEA model that incorporates a point heating source (total power defQ ) and a 
uniformly distributed line heating source (power density 
aveQ ) to represent the defect and other 
parts of the SWNT, respectively (see Methods), can match the experimental expansion profiles. 
Here, the interfacial thermal resistance 
intg is adjusted to control the thermal diffusion along the 
SWNT (thermal transfer length 
int~ (1/ 1/ )T surL kA g g , where k is the thermal conductivity 
and A is the cross-section area of the SWNT),
6,7,31
 thereby the shape of the expansion profile. 
The power is selected to match the magnitude of the expansion. By using ~ 40TL nm, ~ 2.9defQ  
μW, 3.0aveQ  μW/μm, we achieved good agreement between the simulation and experiment, as 
shown by the red curve in Figure 2.5c. The plot in the inset shows the full solution from FEA 
(here in this plot, the simulated height values has been changed to the equivalent electronic 
readout values for better comparison with Figure 2.5a). The simulated ~ 40HL  nm is smaller 
than a previously reported value
6
 (~200 nm) inferred from electrical breakdown of SWNTs on 
SiO2/Si. This difference is likely due in part to the additional, conformal PMMA layer, which 
facilitates heat removal from the SWNT (increases intg ), and in part to a likely lower thermal 
conductivity in this SWNT near the defect location. We note that although the power dissipated 
at the defect site only consists ~22% of the total input power, its temperature is estimated to be 
considerably higher (~13 times) than that of the other regions of the SWNT.  
For these results, the thin coating of PMMA enables high spatial resolution; low 
frequency operation facilitates extraction of the power density and temperature quantitatively. To 
further increase the resolution as well as the signal magnitude, high frequency imaging can be 
used, as shown in Figure 2.5d, collected at a frequency of 155 kHz.  Here, the signal is enhanced 
due to resonant effects, as described in Figure 2.4c. The shape of the expansion is identical to the 
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case evaluated at low frequency, except for regions of the sample near the edges of the metal 
contacts where contact stiffness of the AFM tip changes due, at least in part, to the sharp 
topographical features.  This creates artificial peaks that do not accurately reflect the temperature 
(i.e. heat conduction through the metal contacts in these regions should reduce the temperatures 
locally).
6,7
 The resolution of the image, as shown in the inset of figure 2.5d (corresponding to 
cross sections marked by the dotted line), is better than 100 nm.  
2.3 Conclusions 
The results provided here use SJEM to examine, in a quantitative fashion, the physics of 
heat generation and dissipation in a variety of devices that incorporate individual, isolated 
SWNTs as the active materials.  Physical properties such as the chirality, diameter and point 
defects strongly affect the measured temperature distributions. Analytical and FEA models 
account for all aspects of the thermo-mechanical response, and provide tools for inferring 
temperature distributions from measurements of thermal expansion.  By comparison to other 
techniques (Raman, IR or SThM), SJEM has advantages of straightforward operation, 
quantitative interpretation, and high spatial resolution and sensitivity. The results not only 
provide an experimental and theoretical framework for accurate, precise thermal distribution 
measurements by SJEM, but the specific observations in SWNT devices yield insights into basic 
operational characteristics and heat flow properties in these systems. 
2.4 Materials and Methods 
2.4.1 Fabrication and Characterization of SWNT Devices 
Fabrication of the devices begins with the growth of aligned SWNTs on stable 
temperature (ST) cut single crystal quartz (Hoffman Materials), using electron beam evaporated 
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iron (0.1-0.4 Å) as the catalyst, and ethanol as the feeding gas during the chemical vapor 
deposition (CVD) process.
45,46
 Transfer of the SWNTs to a layer of thermally grown SiO2 on a 
doped silicon wafer (SQI, Inc) is carried out with methods described elsewhere.
47
 
Photolithography (AZ 5214), electron beam evaporation (AJA) and lift-off define the source-
drain contacts (Ti / Pd, 1 nm / 40 nm). Oxygen plasma etching of SWNTs that lie outside of the 
active channel through a photolithographically defined pattern of resist yields devices with one 
or several SWNTs. Some of the devices with single, individual SWNTs used tubes directly 
grown by CVD on SiO2/Si substrates with catalyst islands of ferritin (Sigma Aldrich) patterned 
by photolithography.
48
  Scanning electron microscopy (SEM, Hitachi 4800) enables selection of 
those devices with a desired number of SWNTs. Use of a semiconductor parameter analyzer 
(Agilent 4156) reveals the electrical characteristics.  
2.4.2 SJEM Imaging 
PMMA (950 A4 or 950 A2; Micro Chem) spin cast onto devices at different spinning 
speeds and durations yields films with desired thicknesses. PMMA diluted in methoxybenzene 
enables access to thicknesses smaller than 50 nm. Baking the devices at 110 ºC for 5~10min after 
coating removes the residual solvent. AFM (Asylum MFP 3D) measurements at step edges 
corresponding to locations of physical removal of the PMMA near the devices yield accurate 
values of the thicknesses. Wire bonding the device to a sample holder (Spectrum Semiconductor 
Materials) allows measurement while providing electrical connections for applying electrical 
bias. All the SJEM measurements are performed under ambient conditions, in air. Evaluating the 
force/displacement curve of the cantilever (Asylum # Olympus AC240TS) before scanning 
defines the relationship between the deflection and detector signal. During SJEM imaging, a 
function generator (Agilent 33250A) provides a sinusoidal voltage to the source-drain and a 
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reference to the lock-in amplifier (Stanford SR844). A source meter (Keithley 2612) controls the 
back-gate voltage. The deflection signal induced by thermal expansion feeds into the lock-in 
amplifier, to capture the amplitude and phase of the signal at twice the frequency of the 
oscillating applied potential .   
2.4.3 Finite Element Analysis (FEA)  
FEA simulations rely on commercial software (COMSOL) with combined modules of 
heat conduction (transient) and mechanical stress-strain analysis (quasi-static).  For the 2D 
model, a SWNT placed at the interface between the PMMA and SiO2, with power dissipation per 
unit length 0(1 cos(2 ))Q Q t  , serves as the Joule heating source.  The width of the simulated 
domain is 200 m. The thickness of the Si is 100 μm. Performing the transient-thermal-transport 
calculation by setting the bottom surface of the structure to a constant temperature (300 K), 
enforcing temperatures to be continuous across interfaces and treating all other boundary 
surfaces as thermal insulating (theoretical estimates suggest that the heat losses from radiation 
and convection are negligible), yields the time-dependent temperature distribution. Calculation 
of thermal expansion uses a fully constrained bottom surface, traction-free boundaries for all 
other surfaces and no-slip condition at all interfaces.  Table S1 lists the parameters used in the 
simulation. To ensure steady-state behavior, the results (i.e. the amplitude of the out-of-plane 
thermal expansion at the top surface) are extracted from the final cycle of a simulation that 
includes 30~50 cycles of time oscillation (higher frequencies used more cycles). At small 
thicknesses of the PMMA, the interfacial thermal resistance at the PMMA/SiO2 boundary is no 
longer negligible.
49,50
  Here, the temperature continuity assumption leads to results that 
underestimate the actual temperature rise in the PMMA, and thereby the thermal expansion.  As 
an example, the expansion is underestimated by ~12% for the case of PMMA (25 nm) / SiO2 (90 
37 
 
nm), and ~6% for the case of PMMA (120 nm) / SiO2 (200 nm), if the PMMA/SiO2 interfacial 
thermal resistance
51
 is ~ 8 2 -110 m KW . The effect on the FWHM of the profiles is smaller than 
2% in both cases. 
For the 3D model used to simulate the case of a SWNT with a point defect, the power 
output per unit length 0( ) [ ( ) ( )](1 cos(2 ))def aveQ x Q x x Q x t     is used.  Here, 0x = 2.05 m is 
the position of the defect, defQ  and aveQ is the power density of the defect and the rest of the 
SWNT, respectively. The overall dimensions of the simulation are 3.4 m (length) × 3 m 
(width), with PMMA (25 nm) / SiO2 (90 nm) and Si ignored for simplicity. Frequency is set as 
30 kHz. All boundary conditions are set to be the same as those in the 2D case (i.e. fixed 
temperature and motion at the bottom surface; thermal insulation and free of motion for all other 
surfaces), except for the additional interfacial thermal resistance of 8 2 -11 10 m KW  at the 
PMMA/SiO2 interface, and int1/ g  for the interface between SWNT and surrounding materials 
(PMMA/ SiO2).  5 time cycles of oscillation are simulated and results are extracted from the final 
cycle. 
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2.6 Figures  
 
 
Figure 2.1 Schematic illustration of the experimental setup for scanning Joule expansion microscopy (SJEM) imaging of a 
SWNT device that incorporates several parallel, aligned tubes. The device consists of three terminals: two metal pads that contact 
the SWNTs to serve as the drain (alternating voltage) and source (grounded), and a third (doped silicon substrate) that serves as a 
gate. A layer of poly(methyl methacrylate) (PMMA) covers the device to protect the SWNTs and amplify the thermo-mechanical 
expansion caused by the Joule heating.  An AFM probe operating in contact mode detects this expansion.  
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Figure 2.2 (a) Topographical AFM image of two SWNTs in the same FET. (b)-(f) SJEM images of the SWNTs at different gate 
voltages: (b) Vg = 20 V, (c) Vg = 10 V, (d) Vg = 0 V, (e) Vg = -10 V and (f) Vg = -20 V. These images used Vds = 3 V, f = 25 kHz 
and PMMA thickness ~310 nm. The white dashed lines indicate the edges of the metal contacts. (g)-(h) Thermo-mechanical 
expansion profiles along the two SWNTs at different Vg extracted from (b)-(f).  The magnitudes and shapes of the expansion 
profiles from the upper SWNT do not change substantially with Vg (g), indicating metallic behavior; those from the lower SWNT 
show substantial changes with Vg (h), consistent with p-doped semiconducting behavior.  
   
 
 
44 
 
 
Figure 2.3 (a) Transfer curve of a single SWNT measured at Vds = 3 V (DC voltage); the response indicates metallic behavior.  
The inset shows a scanning electron microscope (SEM) image of the device. (b) SJEM image of the same device, collected with 
Vds = 3 V, f = 30 kHz and PMMA thickness ~120 nm. (c) Topographical AFM image of the SWNT collected after removing the 
PMMA and operating the device at high bias in air.  The location of degradation (breakdown point) coincides with that of the 
highest thermal expansion signal. (d)-(e) Expansion signal profiles (black solid square) along the cross sections marked by dotted 
lines A and B in (b), respectively. Green solid circles and red lines represent results from 2D FEA and analytical models, 
respectively, in which the power density, 0Q , serves as a fitting parameter: 0Q  
= 3.9 μW/μm for line A and 0Q  
= 1.7 μW/μm 
for line B. (f) The calculated temperature distribution along the SWNT based on the SJEM measurement.  
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Figure 2.4 (a) Effects of PMMA and SiO2 thicknesses on the resolution (represented by the full width at half maximum, FWHM) 
in SJEM measurements: measurements, FEA and analytical modeling of the widths (FWHM) for the expansion profiles across 
the SWNT, at f = 30 kHz.  Data collected for PMMA of various thicknesses on two types of device substrates (hollow squares, 
hollow circles and dashed lines correspond to SiO2 / Si (200 nm / 500 m); solid squares, solid circles and solid lines correspond 
to SiO2 / Si (90 nm / 300 m).  The x-axis uses a log-scale. (b) Effects of frequency on the resolution of SJEM: measurements, 
FEA and analytical modeling of the FWHM at different frequencies, for the case of PMMA and SiO2 thicknesses of 370 nm and 
90 nm, respectively. (c) Measurements, FEA and analytical modeling of the expansion magnitude at different frequencies for the 
case of PMMA and SiO2 thicknesses of 370 nm and 90 nm, respectively. Here, the thermomechanical simulation does not include 
the effects of tip-contact resonances that appear prominently around 150 kHz.  
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Figure 2.5 (a) Topographical AFM image of three SWNTs. The inset provides a magnified view of a ‘kink’ in one of the SWNTs 
(highlighted by the white dashed box). (b) SJEM image of the same SWNTs. A strong peak appears at the position of the kink, 
consistent with significant heat generation at this location. (c) Expansion profile along the SWNT with the kink (solid square), 
and the results (red curve) based on a 3D FEA model that accounts for heat generation at the site of the defect. The power 
dissipation at the defect is calculated to be 2.9 μW while the rest of the SWNT has an average power density 3.0 μW/μm.  The 
inset shows the results of full 3D FEA simulations. (d) SJEM image collected at high frequency shows an enhancement in the 
signal. The overall image is similar to (a) except for the portion near the metal-SWNT contact where the local stiffness of the 
substrate and the step in topography may influence the tip-contact resonances.  The lower left inset provides a cross-section 
profile along the dotted line in (c), showing a FWHM smaller than 100 nm. 
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CHAPTER 3 
THERMOCAPILLARY FLOWS FOR PURIFICATION OF SWNTS 
Significant portions of this chapter were published as “Using Nanoscale 
Thermocapillary Flows to Create Arrays of Purely Semiconducting Single-Walled 
Carbon Nanotubes, S. H. Jin, S. N. Dunham, J. Song, X. Xie, J. Kim, C. Lu, A. E. Islam, 
J. Kim, F. Du, J. Felts, Y. Li, F. Xiong, A. Wahab, M. Menon, E. Cho, K. L. Gross, E. 
Pop, M. A. Alam, W. P. King, Y. Huang, and J.A. Rogers, Nature Nanotech., 8, 347-355, 
(2013). ” Reproduced with permission from the journal. The thermal imaging and 
analysis for elucidating the thermocapillary flow mechanism are mainly contributed by 
the author. Other results presented in this chapter, including the device characterizations 
and analytical derivations, are outcomes of close collaborations and joint work with 
collaborators. 
3.1  Introduction 
Routes to exploit the exceptional electrical properties
1,2
 of SWNTs, by 
implementing them in arrays for advanced applications
3-9
, involve extremely challenging 
requirements on degrees of alignment and purity in semiconducting behavior.  Because 
direct, selective growth of s-SWNTs remains a topic of continuing study, the synthetic 
strategies that offer the greatest near-term potential fall into two categories: (1) purify the 
SWNTs and then assemble them into arrays; and (2) assemble the SWNTs into arrays and 
then purify them.  The first has the advantage that it can exploit recently developed 
physical-chemical techniques (ultracentrifugation
10,11
, chromatography
12-14
 and 
others
15,16
) for purification.  The disadvantages are that SWNTs processed in this way are 
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typically short (~1 m), chemically modified and/or coated, and difficult to assemble into 
arrays with high degrees of alignment
15,17-19
.  The second approach overcomes these 
limitations in assembly through the use of chemical vapor deposition (CVD) techniques 
which, when applied on quartz substrates, yield nearly perfectly linear (>99.9% of 
SWNTs within 0.01˚ of perfect alignment), aligned arrays of long (100 m and up to 
~millimeters) and chemically pristine SWNTs
3,20-23
.  The main difficulty is in removing 
the m-SWNTs from arrays of this type.  Various techniques attempt to exploit optical
24
, 
electrical
25
, or chemical
26-28
 effects to realize this goal, but they all involve some 
combination of drawbacks, including incomplete removal of m-SWNTs, degradation of 
s-SWNTs, inability to operate on aligned arrays and/or reliance on uncertain underlying 
mechanisms.  Among these methods, electrical breakdown is noteworthy because it 
operates based directly on relevant distinguishing characteristics in charge transport
25
.  In 
this case, Joule heating caused by current passing through the m-SWNTs leads to 
formation of a narrow gap at some point along the length of each of these tubes.  During 
this process, an appropriate electrostatic bias applied to the s-SWNTs minimizes 
conduction through them and, therefore, the probability for their breakdown.  This 
scheme, however, has two critical disadvantages, each one of which renders use in any 
realistic application impractical.  First, breakdown requires high powers (~90 μW/μm for 
channel lengths > 1 μm, increasing as channel length decreases to values >1 mW/μm)29-
31
.  Under these conditions, numerous undesirable behaviors in the associated biasing 
structures (i.e. electrodes, dielectrics) ensue, ranging from shifts in threshold voltage, to 
avalanche effects
32
, band-to-band tunneling, failure in gate dielectrics, and significant 
heat sinking at the contacts
29
.  These effects create difficulties in maintaining electrical 
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integrity in the structures and in avoiding transport through the s-SWNTs
20,29,32,33
 and 
therefore degradation in their properties.  More significantly, the breakdown process 
itself only removes the m-SWNTs in isolated, narrow regions (~100 nm lengths), with 
positions that are not well controlled
34
.  In other words, the vast majority of the m-
SWNTs remain in the arrays; as a consequence, the resulting arrays are unsuitable for any 
generalized use in subsequently fabricated devices. 
3.2 Results and Discussion 
3.2.1 Purification Based on Thermocapillary Flow and Etching  
Here, we introduce an approach for eliminating m-SWNTs that offers the key 
desired attributes, via the use of low temperature thermocapillary effects in thin organic 
coatings on arrays of SWNTs. We illustrate these concepts through the complete physical 
removal of all m-SWNTs from linear, horizontally aligned arrays that contain both m-
SWNTs and s-SWNTs, without any measurable adverse effects on the latter (electronic 
mobilities following sorting of ~1000 cm
2
/V/s). Figure 3.1a,b show schematic 
illustrations and corresponding atomic force microscope (AFM) images of this process, 
as applied to SWNTs formed by CVD growth on ST-cut quartz substrates with iron 
nanoparticles as the catalyst and ethanol as the carbon feedstock.  The resulting arrays 
consist of individual, isolated SWNTs, with very few multi-walled nanotubes or bundles 
of SWNTs, but with a distribution of diameters between ~0.6 and ~2.0 nm and a range of 
chiralities
23,31
. The key element in the purification process is an ultrathin (~25 nm) 
amorphous layer of a small molecule organic species, in this example α,α,α'-Tris(4-
hydroxyphenyl)-1-ethyl-4-isopropylbenzene (Figure 3.1d), which has been used in the 
50 
 
past for other, unrelated lithographic purposes
35
, deposited uniformly over the arrays of 
SWNTs by thermal evaporation.  We refer to this film as a thermocapillary resist (Tc-
resist), due to the nature of its operation in the process reported here.  Besides its 
favorable thermophysical properties, as described subsequently in quantitative detail, this 
material is well suited for present purposes because it combines hydroxyl and phenyl 
moieties to facilitate formation of uniform, continuous coatings on the surfaces of both 
the quartz and the SWNTs (Figure 3.1d,e). This behavior is critical for its role as an 
effective etch resist at extremely small thicknesses. 
 Metal and dielectric layers patterned at the edges of an area of interest enable 
current injection primarily into only the m-SWNTs; at the same time, current flow is 
prevented into s-SWNTs by electrostatic increases in the heights and widths of the 
Schottky barriers that form at the metal contacts at the source end of the s-SWNTs (Fig. 
3.1a).  These layers represent a removable, transistor structure in which the gate extends 
only a small distance beyond the source electrode (~5 m) compared to the separation 
between the source and drain (~30 m)  (See Methods). Applying a positive voltage to 
the gate (typically 20 V) a negative voltage to the drain (typically -40 to -50 V), while 
holding the source at electrical ground leads to selective Joule heating only in the m-
SWNTs, due to approximately unipolar p-type behavior in the s-SWNTs.  This set of bias 
conditions produces small increases in temperature in the vicinity of the m-SWNTs, and 
essentially none at the s-SWNTs. The large thermal gradients associated with the 
nanoscale localization of these heat sources, in turn, drive mass transport in the Tc-resist 
via the action of thermocapillary forces. In typical experiments (fields of VDS/Lch~1.33-
1.66 V/μm along the SWNTs for 5 min, with substrate heating to 60 ˚C), the resulting 
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material flows yield trenches centered at the positions of the m-SWNTs and extending 
throughout the thickness of the Tc-resist with widths at the base that we estimate to be 
~100 nm (Fig. 3.1b). Reactive ion etching (RIE; O2/CF4) physically eliminates the m-
SWNTs, which are all exposed in this manner, without affecting the s-SWNTs, which 
remain coated. Removing the Tc-resist and metal/dielectric structures leaves a purified 
array of only s-SWNTs, in configurations well suited for planar integration into diverse 
classes of devices and sensors that demand, or benefit from, exclusively semiconducting 
operation.  In the following, we refer to this overall process as thermocapillary enabled 
purification (TcEP) of arrays of SWNTs. 
 A key feature of TcEP is its exceptional efficiency in removing the m-SWNTs 
completely and exclusively. Such operation is important because most envisioned 
applications of s-SWNTs in electronics, for example, require purity at the level of 
99.99% or better (i.e. fewer than one m-SWNT for every 10,000 s-SWNTs).  For present 
purposes, we define a SWNT as metallic (semiconducting) if the ratio between the on 
(Ion) and off (Ioff) currents (i.e. on/off ratio) in a well designed transistor structure that 
incorporates this SWNT is less than (greater than) ~100.  This definition places SWNTs 
that are sometimes referred to as quasi-metallic into the m-SWNT classification.  (In all 
cases, we observe a clear distinction between the behavior of m-SWNTs and s-SWNTs 
defined in this way, for populations of SWNTs grown on quartz.  In particular, of the 
hundreds of SWNTs studied here and elsewhere, none exhibit on/off ratios between ~50 
and ~1000.)
36
  Figure 3.1c shows a representative transfer characteristic for a device 
before and after TcEP, measured using the same metal/dielectric structures that enable 
selective Joule heating.  The results illustrate a dramatic reduction in Ioff (from 0.7 μA to 
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2×10
-5
 μA), which improves the on/off ratio from 2.7 to 3×104. This corresponds to the 
complete removal of m-SWNTs. Moreover, this process also preserves most or all of the 
s-SWNTs. One strong evidence is that the reductions in Ion induced by TcEP are modest; 
for the device shown in Fig. 3.1c the ratio of Ion after the process to its value before is Ion, 
a / Ion, b ~25%. Therefore, then, all observations are consistent with highly selective and 
efficient operation of TcEP, in which all m-SWNTs are eliminated, and most or all s-
SWNTs are preserved. 
3.2.2 Mechanisms of Nanoscale Thermocapillary Flows  
 The thermocapillary effects and the ability to exploit their physics at the 
nanoscale using remarkably small increases in temperature (a few ˚C) are critical to 
practical and effective operation of TcEP.  Detailed experimental and theoretical studies 
reveal the quantitative aspects.  We start by examining the distributions of temperature 
generated during TcEP and their role in the behavior of the Tc-resist.  Figure 3.2a shows 
a scanning Joule expansion microscope (SJEM)
38,39
 image that reveals patterns of thermal 
expansion that result from Joule heating in an array of SWNT, at a drain-source bias 
condition    cos 2DSV t V ft  with VDS=5 V and f=386 kHz, where associated Joule 
heating with power density    0 1 cos 4 / 2Q t Q ft     yields AC thermal expansion at 
a frequency of 2f, according to    1 0 cos 4 / 2E t E E ft    (Here, AC heating is 
required for low noise SJEM measurements, however the same analytical models apply 
for both AC and DC heating).  Here the components including E1 and E0 are the DC and 
AC thermal expansions, respectively.  Figure 3.2b shows AFM topographical images of 
the same array coated with Tc-resist, after application of several different, increasing 
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values of VDS (direct current for 5 min; substrate temperature 60 ˚C).  (The image signal 
corresponds to the peak-peak value of the AC expansion, E0).  A key observation is that 
the distributions in expansion, and therefore temperature (Fig. 3.2a), correspond directly 
to the geometries of trenches that appear in the Tc-resist (Fig. 3.2b). For instance, 
trenches observed by AFM progressively form with increasing VDS in an order consistent 
with the relative temperatures of the SWNTs revealed by SJEM, e.g. trenches at the 
second and fifth SWNT from the right appear first and last, respectively.  Related effects 
can be observed along an individual SWNT, where trenches nucleate in areas of 
enhanced temperature increase (‘hot spots’; arrows in Fig. 3.2a and the top frame of Fig. 
3.2b). These indications establish a clear, although qualitative, connection between 
temperature and operation of the Tc-resist.   
 The first step towards quantitative understanding of TcEP is an experimentally 
validated model for nanoscale heat flow in this system. Raw data from SJEM 
measurements indicate relative temperature rises associated with AC Joule heating 
(VDS=3 V, f=30 kHz), but not their absolute values.  Figure 3.2c shows a representative 
cross-sectional profile of E0 for the case of a SWNT with length ~ 3.5 m, where the 
power density per unit length is    0 1 cos 4 / 2Q t Q ft     with Q0 estimated to be 
~13 W/m based on the total input power into the device, which includes three SWNTs 
that yield SJEM signals on an SiO2/Si substrate, and the corresponding SJEM image (Fig. 
3.3 a,b).  Analytical models of temperature distributions associated with Joule heating in 
a SWNT, treated as a line heat source with length L and an input power density,
   0 1 cos 4 / 2Q t Q ft    , can be developed (Fig. 3.3c,d).  Boundary conditions 
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involve continuous temperature and heat flow at all material interfaces except those with 
the SWNT, negligible heat flow at the top surface and a constant temperature at the base 
of the substrate.  For the SWNT interface, discontinuous heat flow,  Q t , is assumed, as 
a means to introduce the Joule heat source.  The results, together with materials constants 
taken from the literature and analytical treatments of the resulting thermal expansion, 
yield expansion profiles that have both peak magnitudes (E0~50 pm) and spatial 
distributions (characteristic widths ~340 nm) that are remarkably consistent with the 
SJEM results (~40 pm and ~320 nm, respectively), when Q0 ~ 13 W/m, the estimated 
experimental value.  Figure 3.2d shows the associated AC temperature rises (0) and 
thermal gradients (d0/dx), such that,    1 0 cos 4 / 2t ft       (1 is the DC 
temperature rise).  When applied to the case of DC heating (f=0 Hz), and quartz 
substrates, the same analytical model yields an expression for the rise in temperature of 
the surface of the Tc-resist, T T   where T defines the temperature of the 
background, 
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Here, ks and kf are the thermal conductivity of Tc-resist and quartz substrate, respectively, 
and hf is the thickness of Tc-resist.  This solution, which is also consistent with 3D finite 
element analysis (ABAQUS), suggests that experimentally observed power densities 
needed to achieve trenches in the Tc-resist when on quartz (~3-10 μW/μm per SWNT), 
yield remarkably small increases in temperature at the SWNTs (~2-5 ˚C). These solutions 
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do not consider changes in heating associated with viscous flow or the effects of thermal 
interface resistance between the film and quartz substrate, however more rigorous models 
that consider these effects suggest their role is not significant enough to affect the 
qualitative conclusions and general scaling presented here  (changes in peak temperature 
of ~1% for the case of SJEM experiments, as much as ~40% for the case of DC heating 
on quartz).  Independent measurements of thermocapillary flows induced by heated AFM 
tips, where the peak temperatures are measured directly, exhibit similar behaviors. 
 Even these small increases in temperature (~4 ˚C) create large thermal gradients 
(~20 ˚C/m), due to the nanoscale dimensions of the sources of heat, defined by the 
diameters of the SWNTs, ~0.6-2 nm. These gradients are, in fact, sufficient to induce 
thermocapillary forces capable of driving complete flow of the Tc-resist away from the 
heated regions (i.e. the m-SWNTs). The detailed physics is critically important for many 
reasons, one of which is immediately evident from inspection of Figs. 3.2a,b. At large 
VDS (VDS/Lch>1 V/μm), the trenches associated with SWNTs that show pronounced hot 
spots exhibit uniform widths, with no apparent consequence of spatial non-uniformities in 
heating.  Likewise, SWNTs that show vastly different temperatures at a given VDS display 
similar trench widths at sufficiently large VDS (VDS/Lch>1 V/μm).  Figure 3.2e shows 
results for the second SWNT from the right, extracted from Fig. 3.2a and the bottom 
frame of Fig. 3.2b.  Clearly, the variations (between the mean value and maximum value) 
in the expansion measured along the length of the SWNT by SJEM are much larger, in 
fractional sense 10× larger,than those in the trench widths, quantified by separations 
between the raised regions of the Tc-resist at the edges of the trench (WTc).  This type of 
physics provides an ability to realize trenches with small, uniform widths even across 
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large-scale arrays that incorporate m-SWNTs with wide ranges of conductances and 
diameters, and consequently, peak temperatures and thermal gradients.  Figure 3.2f 
shows the average WTc for a number of different, individual SWNTs as a function of Q0.  
Similar values occur over a wide range of powers (~10-40 μW/μm), even beyond those 
associated with optimized conditions for TcEP.  This behavior is much different than that 
expected from other thermally driven processes, such as sublimation or ablation, which 
typically involve abrupt temperature thresholds; it is among several quantitative aspects 
of nanoscale thermocapillary flow that are essential to understanding and optimizing the 
process. 
 The governing equation of motion for thermocapillarity in systems where the 
dimension along the SWNTs can be considered infinite corresponds to unidirectional 
flow in which the thickness profile in the Tc-resist can be written h(x,t) and.  
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where / fh h h , / fx x h ,  1 0 0/ f ft Q t k h  , 0   ,  0 1fk Q   , 
0fk Q   
, x     is the thermocapillary stress,   is viscosity at temperature T, 
0  is the viscosity at the background temperature 
T T , and   is the surface tension, 
which often exhibits a linear dependence on temperature (i.e., 0 1     ).  Figure 3.4a 
shows the geometry.  The appropriate initial condition is  , 0 1h x t   .  The boundary 
conditions are,  , 1h x t   , and zero pressure,  
2
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, 0
h
x t
x
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.  With Eq. (1) 
for the temperature, numerical solutions to this system yield / fh h h , based on 
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assumptions that (a) at each point along x, the temperature throughout the thickness of the 
Tc-resist is equal to the temperature at its interface with the substrate and (b) flow in the 
Tc-resist does not change the temperature distributions.  Figure 3.4b shows results for the 
case of polystyrene
40
, which exhibits behaviors like the Tc-resist but with less ideal 
properties, and, unlike the Tc-resist, has a known temperature dependent surface tension, 
according to 50.40 0.0738   mJ/m2.  For this example, 1  , consistent with the 
small rise in temperature, and Q0 = 16.7 W/m (from experiment).  The trenches 
gradually widen and deepen with time, as the displaced material forms ridges at the 
edges.  AFM measurements of a representative SWNT coated with Tc-resist, after Joule 
heating for various time intervals, show similar behaviors and profiles (Fig. 3.4c,d).  At 
longer times, wider trenches result, to the point where SWNTs can be clearly observed at 
the base in AFM measurements (Fig. 3.4e).  Although the specific time durations needed 
to form complete trenches (𝑡̅~1) yield computed values of WTc that are larger than those 
observed experimentally, the essential time dependence is captured accurately by the 
theory.  For example, Fig. 3.4f shows the measured time dependence of WTc for two 
SWNTs, where both roughly follow the expected theoretical behavior, namely WTc~t
0.25
.  
Another prediction of the theory is that, for a given time t = 300 s, the value of WTc 
depends only weakly on Q0, over a remarkably large range, i.e. from ~10 W/m to ~35 
W/m.  This finding is consistent with observations discussed in the context of Fig. 3.2.  
Finally, besides capturing the underlying physics, these models also establish a set of 
guidelines for the selection of optimal materials for Tc-resists, i.e. large temperature 
coefficients of surface tension and low viscosities yield narrow trenches within 
reasonable experimental times.  Furthermore, decreasing the thickness reduces the trench 
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widths.  Empirical studies of various materials for Tc-resists led to the selection of the 
molecular glass reported here.  
3.3 Conclusions 
 In summary, the thermocapillary flows effect and related TcEP method 
introduced here provides scalable and efficient means for converting heterogeneous 
arrays of SWNTs into those with purely semiconducting character.  Careful control of the 
process might also allow refined forms of purification, based not just on differences 
between m-SWNTs and s-SWNTs, but on differences in threshold voltages or other more 
subtle characteristics among the s-SWNTs themselves. Other promising opportunities 
include development of optimized conditions and materials for performing TcEP directly 
on high density arrays (e.g. >10 SWNT/m), and of schemes that eliminate the need for 
electrode structures, using electromagnetic exposures or other processes that can take 
advantage of the unique and low temperature operation of nanoscale thermocapillary 
flows. 
3.4 Materials and Methods 
3.4.1 Forming Horizontally Aligned Arrays of SWNTs  
Photolithography (AZ 5214 positive photoresist), electron beam evaporation (0.6 
nm Fe; AJA), and subsequent liftoff defined regions of catalyst in the geometry of strips 
oriented perpendicular to the preferred growth direction on ST-cut quartz substrates 
(Hoffman).  Annealing at 950 ˚C for 1 hr (quartz tube furnace with ~1 inch outer 
diameter), cooling the furnace, purging it with hydrogen, and then heating to 925 ˚C 
prepared the iron catalyst for chemical vapor deposition.  Introduction of growth gases 
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(20 sccm H2, 20 sccm Ar, bubbled through ethanol) at 925 ˚C for 20 min yielded well 
aligned arrays of SWNTs. 
3.4.2 Fabricating Source, Drain, Gate and Gate Dielectric Structures  
Photolithography, electron beam evaporation (2 nm Ti, 48 nm Pd; AJA) and 
liftoff defined source and drain electrodes (channel lengh, L, of 30 μm, and with various 
channel widths, W).  Photolithography (AZ 5214) and reactive ion etching (100 mTorr, 
20 sccm O2, 100 W, 30 s; Plasma-Therm RIE) removed SWNTs everywhere except for 
regions between these electrodes.  Prebaking (250 ˚C, 2 hr, in a glove box) a spin cast 
(4000 rpm, 60 s) solution to a spin-on glass (SOG; Filmtronics; methylsiloxanes 215F, 
15:1 diluted in IPA)
41
 and then curing the material formed films of SOG (35 nm) 
uniformly across the substrate.  Atomic layer deposition (80 ˚C; Cambridge NanoTech) 
created films of Al2O3 (30 nm) on top of the SOG.  Photolithography (AZ 5214) and 
etching (6:1 BOE for 50 s, followed by rinsing for 5 min in deionized water) removed 
most of the SOG/Al2O3 bilayer between the source/drain electrodes, to expose substantial 
lengths of the SWNTs in the region between the source and drain (i.e. ~15-20 m).  
Prebaking (110 ˚C, 10 min) a spin cast  5wt% solution of polyvinyl alcohol (PVA; Mw 
between 89,000 and 98,000, 99%, hydrolyzed, Sigma-aldrich; solvent: D.I. water) mixed 
with photosensitizer (ammonium dichromate), >99.5%, Sigma-aldrich, PVA: 
photosensitizer=40:1 (weight ratio)
42
 (800 rpm, 60 s spread cycle, 4000 rpm, 60 s spin 
cycle) followed by photolithographic patterning and postbaking (110 ˚C, 30 min) defined 
a layer of crosslinked PVA (~400 nm) on top of and aligned with the SOG/Al2O3 bilayer.  
Photolithography (AZ 5214), electron beam evaporation (50 nm Ti or Cr), and lift-off 
defined a gate electrode on top of this dielectric stack. 
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3.4.3 Thermocapillary Flow and Etching to Remove M-SWNTs 
Thermal evaporation (0.5 Å/s, Kurt Lesker) formed thin layers (25 nm) of α,α,α'-
Tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene (TCI international) as the Tc-resist.  
Applying a voltage between the source/drain electrodes (VDS = -40 to -50 V, 
corresponding to fields of VDS/Lch ~1.33-1.66 V/μm) while biasing the source/gate to +20 
V under vacuum (~10
-4
 Torr, Lakeshore) and holding the substrate temperature at 60 ˚C, 
all for ~5 min, yielded trenches in the Tc-resist at the locations of the m-SWNTs.  
Reactive ion etching (10 mTorr, 1 sccm O2, 1 sccm CF4, 75 W, 20 s; Plasma-Therm RIE) 
eliminated the m-SWNTs exposed in this manner, without affecting the s-SWNTs.  
Immersion in acetone for 30 min removed the Tc-resist, to complete the process. 
3.4.4 Scanning Joule Expansion Microscopy 
Devices were wire bonded to a sample holder (Spectrum Semiconductor 
Materials) to allow contact mode  AFM scanning (Asylum MFP 3D and Cantilever 
Asylum # Olympus AC240TS) while applying suitable biases to the electrode structures. 
Evaluation of the force/displacement curve for the cantilever prior to scanning defined 
the relationship between deflection and detector signal. A function generator (Agilent 
33250A) provided the AC bias and the reference signal for the lock-in amplifier 
(Stanford SR844).  The lock-in amplifier collected the amplitude and phase of the signal 
associated with the thermal expansion of the substrate which occurred at twice the 
frequency of the applied electrical bias.  For SJEM of SWNTs on quartz substrate, 
thermal evaporation formed thick layers (~100 nm) of Tc-resist on devices consisting of 
arrays of SWNTs between two electrodes (i.e. two terminal devices, with L=30 μm, 
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W=30 μm).  The bias consisted of a sinusoidal voltage with amplitude of 5 V and 
frequency of 386 kHz.  For SJEM of SWNTs on SiO2 (200 nm) / Si, the sample consisted 
of a two terminal device with a spin cast overcoat of poly(methylmethacrylate) (PMMA; 
Microchem. 950 A2) with thickness of ~120 nm.  The bias consisted of a sinusoidal 
voltage with amplitude of 3V and frequency of 30 kHz.  The doped silicon substrate was 
electrically grounded.  
3.4.5 Studying the Kinetics of Trench Formation   
Thermal evaporation deposited thin layers of Tc-resist (~25 nm) on two terminal 
devices (L=30 μm, W=100 μm) configured for electrical connection while in the AFM 
(Asylum research ORCA sample mount).  Images collected by fast scanning (~30 s 
acquisition times) defined the topography of a small region of interest.  In between scans, 
application of electrical biases for durations short compared to the normalized flow rates 
(0.1 s at short times and increasing to 30 min at long times) caused the trenches to 
increase in width by controlled amounts.  A total of ~400 scans, corresponding to the 
device under bias for a total, accumulated time of ~8 hr, revealed the kinetics of trench 
formation, throughout and well beyond the time of interest for TcEP.  The data enabled 
quantitative validation of models of thermocapillary flow.  Detailed analysis allowed for 
accurate extraction of the average trench widths, and complete surface profiles, as a 
function of time. 
3.4.6 Finite Element Modeling of Thermal Effects   
The 3D finite element model for the temperature distributions used eight-node, 
hexahedral brick elements in a finite element software package (ABAQUS) to discretize 
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the geometry.  The SWNT was treated as a volume heat source, with a zero heat flux 
boundary at the top surface of Tc-resist, and a constant temperature T  at the bottom of 
the quartz substrate.   
3.4.7 Numerical Modeling of Thermocapillary Flows   
The equations of motion represent a pair of coupled partial differential equations 
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.  A Fortran routine (PDE_1D_MG) was used to solve these two partial differential 
equations directly.  
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3.6 Figures 
 
Figure 3.1 Process for exploiting thermocapillary effects in the purification of arrays of SWNTs.  (a,b)  
Schematic illustration and corresponding AFM images of various stages of the process, which we refer to as 
thermocapillary enabled purification (TcEP), as applied to an array of SWNTs that consists of five m-SWNTs and three 
s-SWNTs.  Uniform thermal evaporation forms a thin, amorphous organic layer that functions as a thermocapillary 
resist (Tc-resist).  A series of processing steps defines a collection of electrodes and dielectric layers for selective 
injection of current into the m-SWNTs.  The Joule heating that results from this process induces thermal gradients that 
drive material flow in the Tc-resist away from the m-SWNT, to form open trenches with widths, measured near the 
substrate, of ~100 nm.  Reactive ion etching physically eliminates the m-SWNT exposed in this fashion, while leaving 
the coated s-SWNTs unaltered. Removing the Tc-resist and electrode structures completes the process, to yield arrays 
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Figure 3.1 continued. comprised only of s-SWNTs.  (c) Typical transfer characteristics for a transistor built with an 
array of SWNTs in a partial gate geometry, evaluated before and after TcEP.  The quantities Ion,b and Ion,a correspond to 
currents measured in the on states before and after TcEP, respectively. Here, the on/off ratio improves by 2×104 times, 
while Ion,a / Ion,b remains relatively large, i.e. ~0.25.  (d)  Chemical structure of Tc-resist used in this work.  (e)  AFM of 
a pristine film deposited by thermal evaporation (25 nm, ~1Å/s) showing a very smooth surface (2-3 Å RMS 
roughness, similar to underlying Si substrate).   
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Figure 3.2 Thermal origins and power scaling in operation of Tc-resists.  (a)  SJEM image of an array of SWNTs 
in an operating, two terminal device on quartz. The electrodes (separation ~30 m) are above and below the image, out 
of the field of view.  The coordinates x and y lie perpendicular and parallel, respectively, to the direction of alignment 
of the SWNTs.  (b) AFM topographical images of the same device shown in the SJEM image of (a), coated with a thin 
(~25 nm) layer of Tc-resist, collected after operation at bias conditions of 0.27 (top), 0.5 (middle) and 1.0 V / m 
(bottom).  Comparison of these images to those collected by SJEM reveals a clear correlation between AC expansion 
(E0; and, therefore, temperature) and formation of trenches in the Tc-resist (DC heating).  (c) AC Thermal expansion, 
E0, induced by Joule heating in an individual SWNT with input power density Q0 ~ 13 W / m (peak to peak) 
measured by SJEM (line) as a function of position x, where x=0 is the location of the SWNT, on a SiO2/Si substrate 
and results of thermomechanical modeling (symbols), illustrating excellent agreement in both magnitude and shape.  
(d) Computed AC temperature rise, θ0, and thermal gradients (dθ0/dx) at the surface of the Tc-resist using 
experimentally validated models, for the case of the SWNT in (c).  The results indicate small increases in temperature 
for levels of Joule heating that induce trenches in the Tc-resist (~3-10 μW / μm).  (e) The top graph shows AC thermal 
expansion (arbitrary units) measured by SJEM along the length (y) of the fourth SWNT from the left in the array that 
appears in (a) and (b).  The bottom graph shows the width of the corresponding trench that appears in the Tc-resist (WTc 
measured at the top of the film) for an applied bias of ~1 V / m.  The results show variations in WTc that are nearly ten 
times smaller than those in expansion (and therefore temperature).  (f) Measurements of the average WTc as a function 
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Figure 3.2 continued. of Q0.  The results show no systematic dependence on Q0 over this range.  The highlighted 
region corresponds to the values of Q0 associated with optimized conditions for TcEP. 
 
 
 
 
 
Figure 3.3 Summary of SJEM measurements and related modeling. (a)  Full SJEM image for an array of 3 
SWNTs. The relative integrated intensity for each SWNT is indicated.  This relative intensity is used to calculate the 
relative proportion of the total device power density associated with each SWNT. (b) SJEM image for a SWNT used 
for validation of analytical temperature models (Fig. 3.2c). (c) Cross-sectional schematic of the film and substrate 
geometry associated with thermal modeling, with axes defined; And modeling axes defined relative to the position of 
the SWNT.  (d)  Tc-resist surface temperature distribution for the case of a heated SWNT on a quartz substrate (16.6 
μW/μm) 
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Figure 3.4 Nanoscale thermocapillary flows in Tc-resists induced by Joule heating in SWNTs.  (a)  Schematic 
illustration of the geometry of the system, with key parameters defined.  The SWNT, the Tc-resist and the substrate are 
grey, green and blue, respectively.  (b) Theoretically calculated normalized surface profiles of the Tc-resist (h̅), as a 
function of normalized distance (x̅) and time (t̅), showing the evolution of the trench geometry with thermocapillary 
flow.  (c) AFM images of a SWNT coated with Tc-resist (~25 nm), at times for Joule heating (0.66 V/μm) of 1, 10, 30, 
60, 120 and 300 s, induced by current injection at electrodes that lie outside of the field of view.  Thermocapillary flow 
creates a trench that aligns to the SWNT and grows in width over time.  (d)  Averaged cross sectional profiles extracted 
from measurements like those shown in (c).  The results compare favorably to the modeling in (b).  (e) AFM image, 
rendered in a 3D prespective view collected at a duration of 1800 s.  The width in this case is sufficiently large that 
AFM measurements reveal clearly that thermocapillary flow completely and cleanly exposes the SWNT at the base of 
the Tc-resist.  (g) Widths of trenches measured by AFM from the ridges that form at the top surface (WTc) as a function 
of time of Joule heating in two different SWNT, at a field of 0.66V/μm. Both model and experiment show a power law 
time dependence with an exponent of 0.25.  
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CHAPTER 4 
MICROWAVE BASED PURIFICATION OF SWNTS 
 This chapter was in the process of publication as “Microwave Purification of Large-area 
Horizontally Aligned Arrays of Single-Walled Carbon Nanotubes, X. Xie, S. H. Jin, M. A. 
Wahab, A. E. Islam,
 
C. Zhang, F. Du, E. Seabron, T. Lu, S. N. Dunham, H. I. Cheong, Y. Tu, Z. 
Guo, H. U. Chung,
 
Y. Li, Y. Liu, J. H. Lee, J. Song, Y. Huang, M. A. Alam, W. L. Wilson, and J. A. 
Rogers, Nature Comm. X, xxxx-xxxx (2014).” Reproduced with permission from this journal. 
The simulations regarding of Schottky barrier effects presented in this chapter are outcomes of 
close collaborations and joint work with theorists.  
4.1 Introduction 
The extraordinary electrical properties
1-3
 of semiconducting single-walled carbon 
nanotubes (s-SWNTs) make them uniquely attractive for use in logic transistors/circuits
4-10
, 
radiofrequency (RF) transistors
11-16
, optoelectronic devices
17-19
 and sensors
20-22
. The required 
horizontally aligned array configurations in SWNTs are possible through chemical vapor 
deposition (CVD) based growth on quartz substrates
23,24
. A long-standing challenge for use of 
such arrays in demanding applications arises from the need to remove all of the metallic tubes 
(m-SWNTs), which typically comprise ~1/3 of all of the SWNTs. Techniques for selective 
growth
25,26
, and for post-growth purification via chemical etching/separation
27-29
, optical 
ablation
30,31
 or electrical breakdown
32
 provide some capabilities in yielding s-SWNTs in CVD 
arrays, but none approaches the daunting requirements in purity for applications in low power 
digital circuits (> 99.9999% s-SWNTs)
33
.  
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A recently described alternative purification method referred to as thermocapillary 
enabled purification (TcEP)
34
 can exceed these purity targets. Here, a partial top-gate transistor 
structure allows selective current injection into the m-SWNTs.  The resulting local Joule heating 
creates increases in temperature (a few degrees) that lead to gradients (tens of degrees per µm) 
sufficiently large to drive thermocapillary flow in an overcoat of an amorphous small molecule 
material (thermocapillary resist, Tc-resist). This flow forms local trenches above the m-SWNTs, 
thereby exposing them for complete elimination by reactive ion etching, without damaging the s-
SWNTs. Although effective, this method has several practical disadvantages, such as: the need 
for multiple deposition and etching steps to form the necessary electrodes and gating structures; 
the requirement of physical contact with these electrodes to allow selective current injection; and 
residue and other contamination that often remains, even after removal of these materials 
following the purification process.  To avoid these issues, here we implement a different scheme 
in which microwave radiation selectively heats the m-SWNTs to levels that initiate the 
thermocapillary flows. Microwave radiation represents a noninvasive heating technique which is 
simple, scalable and economical. For low cost, desktop sources of microwaves, the intensity is 
far below the level required for non-negligible direct heating of SWNTs, due to their extremely 
small absorption cross-sections
35
. Antennas provide a solution that simultaneously amplify the 
microwave power and selectively transfer the radiation energy into heating of m-SWNTs. 
Systematic experimental studies demonstrate the effectiveness of this simple process by 
complete and selective removal of m-SWNTs from large and small arrays of SWNTs, including 
examples of tens of thousands of SWNTs. Measurements and computational results reveal all of 
the fundamental aspects of interactions between the microwaves, antennas and SWNTs. The 
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results represent substantial progress toward the large-scale, economical production of well-
aligned arrays of purely s-SWNTs. 
4.2 Results and Discussion 
4.2.1 Microwave Purification of Large-area Arrays of Aligned SWNTs  
Schematic illustrations and corresponding images for each step of the microwave 
purification process appear in Fig. 4.1a, b (i-iii). Patterning narrow strips of iron catalyst particles 
on a quartz substrate followed by CVD growth
23
 yields nearly perfectly aligned, horizontal 
arrays of SWNTs that include both metallic and semiconducting types. A second patterning step 
defines collections of microstrip dipole antennas (typically 50 nm Ti) that amplify the 
microwave field and effectively transfer incident power into current flows selectively in the m-
SWNTs. Without the antennas, the heating of the SWNTs is negligible. Although other antenna 
geometries can be considered
36
, the designs used here are attractive due to their simple planar 
layouts. Increasing the lengths of the strips and decreasing their separations improve the field 
enhancement. The lengths, widths and separations for experiments reported here are LA = 500 
µm (length of one arm in the dipole), WA = 1 mm (width of an arm) and L0 = 15 μm (gap between 
the arms), respectively. Deposition of a uniform overcoat of Tc-resist (typically ~30-40 nm 
thick) followed by microwave irradiation (300 W, 70 
0
C, 3 h) in a small, desktop single-mode 
cavity initiates mild heating selectively in the m-SWNTs and resulting thermocapillary flows at 
these locations (increases in microwave power can enable reductions in LA and increases in L0, 
for single-step, rapid purification over areas larger than those described here). The open trenches 
that form as a result of the flows allow complete removal of the m-SWNTs by reactive ion 
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etching (RIE), without affecting the s-SWNTs. Washing away the Tc-resist with acetone 
completes the purification process.  
Figure 4.1c shows the normalized average trench depth (h/H, where h is the average 
trench depth and H is thickness of the Tc-resist; see inset schematic in Fig. 4.1c) along each 
SWNT (387 SWNTs investigated across an array with density ~0.5 SWNTs/m) in the form of a 
cumulative distribution function (CDF). The results exhibit two distinct regions, i.e. no trenches 
or deep trenches, with a cutoff at CDF ~0.64, corresponding to fully developed trenches at ~36% 
of the SWNTs in the array. This number is close to the expected population (~33%) of m-
SWNTs derived from CVD growth. Transistors that utilize the microstrip antennas as source-
drain contacts (channel length Lch ~15µm, channel width Wch ~1 mm) exhibit collective transfer 
curves and output characteristics (Figure 4.1d and 4.1e, from 40 transistors added together) 
consistent with complete removal of m-SWNT, i.e. ratio of on to off currents of >1000.  High 
output currents (~25 mA) are consistent with retention of a large majority of the s-SWNTs. This 
demonstration involves both large areas (15 µm × 40 mm = 0.6 mm
2
) and numbers of SWNTs 
(~20,000). The expected current from a single m-SWNT in this device structure (~2-3 A for 
VDS = -1 V
37,38
) is much larger than the observed off current (~0.5 A), thereby suggesting a 
purity in s-SWNTs of >99.9925% (when one m-SWNT exists among the s-SWNTs, the purity is 
1-1/(20,000*2/3) = 99.9925%).   
4.2.2 Effectiveness of Microwave Purification  
Criteria for effectiveness of this process include
33,39
 the elimination of all of the m-
SWNTs, and the preservation of all of the s-SWNTs, without change in their intrinsic 
properties
33,39
. In order to fully quantify the effectiveness, we carry out detailed imaging (SEM 
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and AFM) and electrical measurements on small arrays of SWNTs (each with between 10 and 31 
SWNTs, for easy imaging) before and after the purification (for direct comparisons). The test 
structures use Ti microstrip antennas as the source-drain contacts, where PMMA serves as the 
gate dielectric (for easy removal after characterization) and Ti (50nm) as the gate metal.  
Figure 4.2a shows representative transfer characteristics evaluated before and 
immediately after purification (implemented here in three cycles of Tc-resist deposition and 
microwave irradiation to improve the yields). In this example, the process removes 8 of 25 
SWNTs in the device, thereby increasing the on/off ratio from ~2.2 to ~4.2×10
3
.  If we assume, 
as a rough estimate, that the on currents in the s-SWNTs are similar to those of the m-SWNTs at 
similar bias conditions, then even a single remaining m-SWNT would lead to on/off ratios of 
<17  (<2.6 if the on currents in the s-SWNTs are ten times smaller than the m-SWNTs
40
, as 
might be expected due to poor contacts to the s-SWNTs associated with the Ti electrodes). The 
measured on/off ratio is therefore consistent with complete removal of all m-SWNTs.  The 
relatively large reduction in on current in Fig. 4.2a (~13.9 µA to ~0.8 µA) is a consequence of 
the large Schottky barriers that form at the contacts between the s-SWNT and the Ti
40,41
, rather 
than the degradation of s-SWNTs.  Currents measured at high source/drain bias (Imax at VDS = -10 
V; Fig. 4.2b), where contact effects are minimal, indicate a reduction of only ~60%, at various 
gate voltages (VGS). This value is within a range expected for complete retention of the s-
SWNTs, with unmodified electrical properties
34
. For 20 transistors studied in this manner, the 
process removes 143 of 409 SWNTs. The corresponding percentage (~35%) is consistent with 
the results of Fig. 4.1, and the expected population of m-SWNTs. Moreover, the on-off ratios 
(Ion/Ioff) and the ratio of the numbers of SWNTs before and after purification (Na/Nb) are 
consistent with effective operation of the process
 
(Fig. 4.2d). The ratio of Imax before and after 
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purification (Imax_b/Imax_a) ranges from 0.1 to 0.6, and increases with Na/Nb (Fig. 4.2c). The large 
current retention (weighted average value of Imax_a/Imax_b ~0.35) together with the expected, 
large percentage of remaining SWNTs (65%), provide additional evidence that the process 
preserves nearly all of the s-SWNTs.  
Effectively accessing the performance of purified arrays benefits from the ohmic contacts 
(Pd) and high capacitance gate dielectrics (SU8 (50 nm) / HfO2 (5 nm)). Transistors with such 
design show p type characteristics with low hysteresis (Fig. 4.2e and Fig. 4.2f). The results allow 
quantitative extraction of mobilities. The average values that use rigorous calculations of the gate 
capacitance
42-45
 and neglect contact resistances are ~1600 cm
2 
V
-1 
s
-1
 as shown in the inset of Fig. 
4.2e (weighted average ~1100 cm
2 
V
-1 
s
-1
 for various devices). Mobilities in this range are 
comparable to those reported from pristine SWNTs
2
 on quartz, as well as s-SWNTs purified via 
TcEP with direct current injection
34
.      
4.2.3 Heating Mechanisms and Origins of Selectivity 
Three dimensional (3D) finite element analysis (FEA), calculations using an equivalent 
circuit model and experimental measurements illustrate the mechanisms that underlie the 
conversion of microwave radiation into selective heating of the m-SWNTs. The first part of the 
process involves interactions between the microwave fields and the microstrip dipole antennas. 
Figure 4.3a shows simulated distributions of the magnitude of the electrical field (E-field) near 
the gap between the antenna arms for normally incident plane waves polarized along the arms. 
The results show that large field enhancements are possible.  For the range of dimensions studied 
here, FEA modeling establishes (Fig. 4.3b) that the enhancement of the average E-field in the X 
direction (EX) increases approximately linearly with LA and decreases slightly with increasing 
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WA and decreasing thickness. The field is inversely proportional to L0, consistent with 
expectation based on simple electrostatics. 
This E-field initiates movements of free carriers in the SWNTs. The resulting current 
leads to Joule heating. The wavelength of the microwave radiation (~12.2 cm) is much larger 
than the dimensions of the system (i.e. antennas, SWNTs).  As a result, an equivalent circuit 
model can be implemented under the quasi-static approximation (Fig. 4.3c) to obtain physical 
insights into the heating mechanisms. Here, the electrically small antenna is equivalent to a 
voltage source (VA) with internal resistance (RA, mainly from resistance of the metal strip) and 
reactance (XA, mainly from the capacitance of the antenna), the values of which can be extracted 
from FEA simulations or analytical calculations. The simplest case corresponds to the presence 
of a single m-SWNT, treated as a series of lumped resistors (r, defined as kΩ µm-1) and 
inductors (L, defined as H m
-1
)
46
. The length of physical overlap between the m-SWNT and the 
antenna (LC) allows electrical coupling through the associated capacitances (geometric and 
quantum capacitance Cg and Cq, respectively) and a shunt conductance (G). The resulting 
network of elements has impedance that can be calculated analytically. By ignoring capacitive 
coupling between the exposed region (L0) and the antenna, this segment of the m-SWNT can be 
treated as a pure load, with impedance of 𝑍0 = (𝑟 + 𝑖𝜔𝐿)𝐿0, dominated by the resistance rL0.   
The geometry used for the purification process summarized in Fig. 4.1 and 4.2 appears in 
the schematic illustration near the top of Fig. 4.3d. The AFM topography image and the graph 
illustrate the trench morphology and its depth as a function of position along the m-SWNT, 
respectively. The microwave conditions are 160 W, 70 
0
C, 3 h and the Tc-resist has a thickness 
of ~40 nm. Here, the trench has a depth that is independent of position along the m-SWNT. The 
linear relationship between trench depth and heating power implies a spatially uniform heating 
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profile. Quantitative calculations of the power density from FEA and the circuit model follow 
from use of the resistance of the m-SWNT (r~80 kΩ µm-1) measured under direct-current (DC) 
conditions, and simulated microwave radiation (equivalent voltage for the circuit) as the source. 
The DC value of r provides a good approximation of the corresponding AC value because 𝜔τ << 
1, where τ (~10-12 s)38 is the characteristic scattering time in SWNTs and 𝜔  is the angular 
frequency of the microwaves (2π×2.45 GHz). The simulations show a nearly constant heating 
profile, consistent with experimental observations of the trench depth. Based on the similarity in 
flow profiles, the temperature increase associated with microwave irradiation can be assumed to 
be similar to that associated with direct current injection reported previously
34
. Microwave 
heating power densities between 3 W m
-1
 to 30 W m
-1
, therefore, correspond to temperature 
increases at the top-surface of Tc-resist of between 2 and 15 
0
C
34
.  
In rare cases, the SWNTs make contact only to one side of the antenna, as shown in the 
Fig. 4.3e. The corresponding AFM topography image and profile of the trench depth associated 
with a m-SWNT in this type of configuration (metallic type inferred from the formation of the 
trench; Tc-resist ~40 nm; microwave conditions: 300 W, 70 
0
C, 3 h) reveal a spatial decrease in 
depth, starting from the edge of the antenna arm that contacts the m-SWNT and extending 
continuously to its tip end. This trend matches the heating profiles calculated by FEA, as shown 
here in arbitrary units. (The profile is nearly invariant with r, for values between 10 kΩ μm-1 to 
100 kΩ μm-1). This behavior indicates that the current flow in the SWNT decreases continuously 
to zero at the tip, as required by the boundary conditions at that location. Another case of 
interest, as described subsequently, occurs when the SWNTs span the gap but do not directly 
contact the antenna, as shown in Fig. 4.3f.  Here, only capacitive coupling is important. The 
AFM topography image and trench depth correspond to a m-SWNT (determined by Raman 
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microscopy) in a sparse array (distances from adjacent SWNTs >3 µm) on a sapphire substrate to 
facilitate Raman measurements
47
. Here, microwave exposure (160 W, 70 
0
C, 3 h) occurs while 
antennas (LA = 1000 μm, WA = 80 µm and L0 = 8 μm) on a cover glass are separated by a ~1.1 
µm air gap above the SWNTs (See Methods). The results show that the trench depth is largest at 
the center region (L0) and gradually decreases to zero within a distance shorter than the overlap 
length (LC). With r=70 kΩ µm
-1
, the circuit model yields a spatial variation in heating power that 
matches the observed trench depth (Fig. 4.3f). These variations take the form of |sinh
2
(x/LT)|, 
where 𝐿T~√(1/𝐶g + 1/𝐶q)/𝑖𝜔𝑟 is the transfer length (magnitude~9.5 µm in this case). Since 
the capacitive coupling mechanism does not require the antennas to contact the SWNTs, it 
provides an interesting option in purification, as described subsequently. On the other hand, 
direct contact offers significant benefits in selectivity. 
By comparison to individual SWNTs, implementation with arrays involves additional 
considerations related to wide variations in the electrical properties of the SWNTs
48,49
 
(chiralities, resistivities) and coupling (electrical, thermal, flow) between them. The circuit 
model treats each SWNT (the center part with length L0) as a load with impedance Z0 which is 
dominated by the resistance of the SWNT. Experimental validation of this approach can be 
accomplished through studies of trenches formed in isolated SWNTs with different resistance. 
The experiments involve Tc-resist with thickness of ~50 nm, and microwave conditions of 80 W, 
60 
0
C, and 3 h.  Figure 4.3g plots the average trench depth formed with 16 different m-SWNTs 
as a function of their conductivity evaluated at a bias of 1 V. The linear relationship is consistent 
with a dominant role of the load impedance, as in the FEA simulation and the equivalent circuit 
model. Arrays of SWNTs can be viewed as individual SWNTs, electrically connected in parallel. 
Fig. 4.3h and Fig. 4.3i show results obtained with arrays (160 W, 70 
0
C, 3 h, Tc-resist thickness 
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~40 nm) for the cases of contact on one side and for no contact with the antennas, respectively 
(contacts on both sides appears in Fig. 4.1b). The depths of the trenches are different for each of 
the SWNTs, likely due to variations in their conductances, per results of Fig. 4.3g. FEA 
simulations of the heating power along the lengths of the SWNTs provide some insights. Here, 
the FEA modeling treats the SWNTs as uniform resistors, with overall magnitudes that 
incorporate the contact effects (quantum contact resistances and Schottky barriers at the contacts) 
in an ad hoc fashion. Quantitative treatments using 1D drift diffusion models, described 
subsequently, capture the detailed physics of these barriers. The results in Fig. 4.3h include 7 
SWNTs with a small r (53.3 kΩ µm-1, derived from the total resistance measured on the entire 
array before isolation from one contact), and 15 SWNTs with large r (choose 5330 kΩ µm-1 here 
to represent the SWNTs that do not form trenches
17,50
). The magnitudes of the computed power 
inside each SWNT in the array are directly related to the values of r. For this particular 
geometry, SWNT-SWNT coupling, although present
44
, does not have a significant effect on the 
results. The non-contact case (Fig. 4.3i) also shows a distribution of trench depths. Here, 
assignments of SWNTs with various resistivity (choose 50 kΩ µm-1 to represent the most 
conducting SWNTs
37
; 150 kΩ µm-1 to represent moderate conducting ones51; 5000 kΩ µm-1 to 
represent the least conducting ones
50
) in the FEA allow correlation of the conductances of the 
SWNTs with the magnitudes of heating, as also expected from the equivalent circuit.     
The purification process relies critically on selective heating in the m-SWNTs. The 
discussions above relate the resistance of the SWNTs to the heating power imparted into the 
SWNTs. Although s-SWNTs are generally more resistive than m-SWNTs, unintentional 
doping
51,52
 and other effects can diminish these differences. Selectivity in such cases can be 
greatly enhanced by the Schottky barriers (ignored for simplicity in the analysis above) that form 
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at the contacts between the antenna metal and the s-SWNT.  These barriers lead to large 
impedances that block the flow of current (i.e. reflect microwave power). Systematic 
experimental and computational studies of trench formation with antennas constructed using 
different metals reveal the underlying physics. The investigation begins with a comparison of 
average currents measured under DC conditions using two terminal test structures (channel 
length ~ 15 μm, width ~ 50 μm) formed with various metal contacts, as a means to assess the 
magnitudes of the Schottky barriers. Figure 4.4a shows the results, scaled on a per tube basis 
(each data point averages more than 100 SWNTs) at bias voltages of 1 V, 5 V, 10 V and 20 V, 
for different metals (Ti (1 nm)/Pd (49 nm), Au (50 nm), Mo (50 nm), Ti (50 nm), Al (50 nm) and 
Ti (1nm)/Mg (70 nm)). The most prominent trend is a decrease in current with work-function, 
consistent with an increase in the magnitude of the Schottky barriers between the metals and the 
s-SWNTs. Intrinsic s-SWNTs have a Fermi level at the middle bandgap level ~4.78 eV
53
.  In 
practice, s-SWNT often are unintentionally doped (e.g. oxygen or water)
17,51
, in a way that shifts 
the Fermi level toward the valence band, to favor hole transport. High work-function metal 
contacts (Pd and Au) are therefore almost transparent to hole injection. As the work-function 
decreases, Schottky barriers increase in significance, with an effect of restricting the current 
flow. Quantitative self-consistent DC drift-diffusion transport simulations support these trends 
(Fig. 4.4b,c, Methods section). The simulations average the currents from SWNTs with different 
diameters. The results of Fig. 4.4b assume that 1/3 of the SWNTs are metallic; Fig. 4.4c shows 
results that include only s-SWNTs. As in experiment, decreases in the work-functions increase 
the Schottky barriers, thereby decreasing the average currents in the s-SWNTs. A slight increase 
in current for the case of Mg arises from band-to-band tunneling. The simulations treat the m-
SWNTs the same, in terms of contact properties (the quantum contact resistance ℎ/4𝑒2), for all 
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metal types. Additional effects such as wettability of the metals on the SWNTs
54
 may account for 
the differences between the measured and simulated current values. To illustrate the significant 
effects of Schottky barriers on the microwave heating characteristics, squares in Figure 4.4d-i 
show the experimentally measured statistics associated with the normalized trench depths 
observed in arrays of SWNT with different metal antennas (250 W, 73 
0
C, and 3 h for all metals 
except Pd, which used 300 W, 70 
0
C, 3 h; TC-resist thickness ~35 nm). The sharp transitions 
between 0.62 and 0.68 in the CDF for the low work-function metals (Mo, Ti, Al, Mg) are 
consistent with the experimentally demonstrated selectivity for the case of Ti. The CDF shows 
smooth variations for high work-function metals (Pd, Au). Al represents an exception to these 
trends, where sharp and smooth variations occur for Tc-resist thicknesses of ~20 nm and ~40 nm, 
respectively. We associate these behaviors with poor wetting of the Al onto the m-SWNT, 
thereby leading to high contact resistances. Simulation of the heating power (proportional to the 
trench depth) includes Schottky barriers (derived from the DC transport) in the total impedance 
calculation (for s-SWNTs). The simulated statistics (stars in Fig. 4.4d-i, plotted as normalized 
trench depth) match the observed distribution of trench depths for various metal types 
investigated here (with the exception of Al, for reasons described above). Detailed studies of the 
effects of the diameter distributions of s-SWNTs in the grown arrays indicate efficacy in 
purification across the entire range of diameters when the antennas involve low work function 
metals. These experimental and computational studies support the assertion that metals with high 
work-function (Pd and Au) allow current injection, and therefore Joule heating, in both the m-
SWNTs and a portion of the s-SWNTs. Metals with low work-function such as Mo, Ti, Mg, 
allow current only in the m-SWNTs. The Schottky barriers at the contacts are, therefore, 
beneficial to selectivity in the purification process.  
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4.2.4 Purification Based on Removable Antennas  
Even without the Schottky barriers, however, some level of effectiveness in purification 
is possible, mainly based on differences between r for m-SWNTs and s-SWNTs. An important 
opportunity that emerges is the ability to use non-contact, capacitive coupling (Fig. 4.3 f,i) with 
removable and reusable antenna structures. Figure 4.5a shows a schematic illustration of such a 
process. Microstrip dipole antennas patterned on a glass substrate with micropillars of 
poly(dimethylsiloxane) (PDMS) forms an ‘antenna mask’.  This mask can be laminated on a 
substrate that supports an array of SWNTs with an overcoat of Tc-resist. Exposure to microwave 
radiation leads to heating at sufficient levels to create deep trenches at the m-SWNTs for their 
removal by RIE. The micropillars hold the antenna mask and substrate together at a constant 
separation distance (set by the height of the micropillars) during the exposure. The mask can be 
peeled away for re-use.  Figure 4.5b shows a corresponding series of images, including an SEM 
of the SWNTs before purification; an optical image of the antenna mask in contact with the 
SWNT substrate (quartz); AFM topography image of the trenches and the SWNTs after etching. 
The separation between the antennas (LA = 1500 µm, WA = 80 µm, Ti (2 nm) / Pd (48 nm)) and 
the quartz substrate is ~1.1 µm during the exposure (Tc-resist ~50 nm; microwave conditions: 80 
W, 60 
0
C, 3 h). The CDF of the trench depths (averaged on the center segment L0 = 8 µm) for 
112 SWNTs appears in Fig. 4.5c. The smooth distribution is consistent with the absence of 
Schottky barriers that would result from physical contact. In this case, the heating characteristics 
depend mainly on the values of r and the capacitive coupling strength between the antenna and 
the SWNTs, as estimated from the equivalent circuit model. As a result, trenches form at some 
portion of the s-SWNTs. In a practical sense, all m-SWNTs and some of the s-SWNTs can be 
removed completely; different regions of operation correspond to complete removal (judged by 
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AFM and SEM), partial removal (judged by SEM and empirical evidences from electrical 
probing) and complete preservation, as illustrated in Fig. 4.5c. Measurements on transistors built 
using small arrays of SWNTs (channel length ~ 30 μm, width ~ 35 µm, source-drain contacts Ti 
(2 nm)/Pd (48 nm), dielectric SU8 2002 ~ 2 μm) purified in this manner verify these behaviors 
(Fig. 4.5d). The extent of removal of s-SWNT can be minimized by eliminating any 
unintentional doping
55
, a capability that is likely important, in any case, for practical use of s-
SWNTs in electronic circuits. The removable antenna is advantageous, because it eliminates the 
need to perform any processing on the SWNT substrate. Further improvements in its selectivity 
will make this approach the technique of choice for microwave purification. 
4.3 Conclusions 
The schemes presented here provide straightforward, scalable and effective routes to 
aligned arrays of purely s-SWNTs, with minimal processing. The significant reduction and, for 
removable antenna approaches, the complete elimination of processing on the nanotube substrate 
for microwave purification represent significant simplifications compared to previously 
described Joule heating approaches
34
 using electrode structures for gate modulation. The method 
here is uniquely well suited for use with aligned arrays of SWNTs on solid substrates, where the 
nanotubes are optimally configured for direct integration into devices with conventional designs. 
Although not directly applicable to bulk SWNTs, the levels of purity in s-SWNTs that can be 
achieved significantly exceed those currently possible with other techniques, and there is no need 
for any solution separation or chemical modification of the SWNTs
56
. All aspects of the 
purification process are scalable to large areas, and we did not observe any residues associated 
with etching the m-SWNT (Residue can sometimes arise from photoresist processing and 
removal of the Tc-resist). The resulting arrays are well configured for use in various applications, 
86 
 
ranging from sensors to low noise radio frequency amplifiers. With sufficiently powerful 
microwave sources, it may be possible to eliminate the antenna structures entirely, thereby 
further simplifying the process. Under optimized conditions trench widths of 100-200 nm
34
 
should be possible, thereby enabling arrays with densities up to ~5 SWNTs/m. Significantly 
improved densities should be possible for purification of arrays with enriched content 
semiconducting SWNTs realized by selective growth techniques
25,26
.  
Additional areas for future work are in the development of embodiments for purification 
of arrays at significantly higher densities than those demonstrated here, and in the purification of 
arrays formed by selective growth, where the m-SWNTs are present in sparse coverage even 
with high density arrays.  
4.4 Materials and Methods 
4.4.1 Growing Horizontally Aligned SWNTs  
The growth process began with preparation of substrates by cutting quartz wafers (ST-cut; 
Hoffman) into dies (1.65 cm × 6.5 cm; Disco DAT-6TM dicing saw), and annealing them for 16 
hours at 900 ˚C in air. Photolithographic patterning of resist (AZ 5214 positive photoresist), 
deposition of metal (Fe, 0.2 nm~0.8 nm; electron-beam evaporation, AJA), and lift-off 
processing defined strips of catalyst (10 µm wide, spaced by 200 µm) oriented perpendicular to 
the preferred growth direction on the quartz. Annealing the substrate at 950 ˚C in air for 1 hour, 
cooling to room temperature, and then heating to 925 ˚C again under a flow of H2 (200 sccm) 
prepared the catalysts for growth. Finally, introducing ethanol (bubbled from a flask at 0 ˚C by 
30 sccm H2 and 30 sccm Ar) into the growth tube at 925 ˚C for 30 min yielded horizontally 
aligned arrays of SWNTs. 
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4.4.2 Purification via Microwave Induced Thermocapillary Flows 
Photolithography (AZ 2020 negative photoresist), electron-beam evaporation (Ti 50 nm, 
AJA) and lift-off defined arrays of microstrip antennas. Reactive ion etching (100 mTorr, 19.6 
sccm O2, 100 W, 45 s; Plasma-Therm RIE) through a photoresist mask (AZ 5214) removed 
SWNTs everywhere except for regions between the gaps of the microstrip antennas. Thermal 
evaporation (Kurt Lesker) yielded a uniform, thin layer (typically 30 nm~50 nm) of Tc-resist 
(α,α,α'-Tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene; TCI International).  Placing the 
coated substrate into a 10 ml vial purged with inert gas (Ar) provided a consistent environment 
for microwave exposure. Transferring the vial to the microwave oven (CEM discovery SP) 
yielded exposure under controlled experimental conditions. An infrared sensor monitored the 
temperature of the vial during the experiments. Cooling the vial with a constant flow of nitrogen 
during exposure helped to maintain a constant temperature. After microwave radiation and 
associated thermocapillary flow, reactive ion etching (10 mTorr, 1 sccm O2, 1 sccm CF4, 60~80 
W, 17 s; Plasma-Therm RIE) removed the exposed m-SWNTs, without affecting the s-SWNTs. 
Stripping away the Tc-resist with acetone completed the process of forming arrays of purely s-
SWNTs.   
4.4.3 Fabrication and Measurement of Transistors 
Fabrication of large-scale transistors (channel length Lch = 15 µm, channel width Wch = 1 
mm) based on large-area, purified arrays of SWNTs used Ti microstrip antennas as the source-
drain electrodes. Spin-coating poly(methyl methacrylate) (PMMA, 950 A7, 1,500 r.p.m. 45s and 
then 4,000 r.p.m. 30s, baking 10 min at 110 ˚C) as the dielectric, and depositing Ti (50nm) as the 
top-gate through a shadow mask completed the fabrication processes. 
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Forming transistors (Lch = 15 µm, Wch = 50 µm) with pristine, small arrays of SWNTs 
followed the same procedures described above. After measurements (semiconductor parameter 
analyzer; Agilent 4155C), immersing the transistors into acetone removed the PMMA and lifted-
off the top-gates. Microwave and etching processes eliminated the m-SWNTs from the arrays. 
After purification, transistors fabricated with the s-SWNTs facilitated direct comparisons of 
electrical properties with those from the as-grown, unpurified SWNTs.  
To obtain transistors with low hysteresis and low operating voltages, photolithography 
(AZ 2020 negative photoresist) and electron-beam evaporation (2 nm Ti, 48 nm Pd) defined 
fresh contacts (Lch = 5 µm, Wch = 65 µm) on the purified arrays. Spin-casting a thin layer of an 
epoxy photoresist (diluted SU8, SU8 2000.5: cyclopentanone = 1:7; 3,000 r.p.m. 30s~50nm), 
then baking at 175 ˚C for 1h in glove box formed the first layer of the dielectric. Atomic layer 
deposition (ALD, 120 ˚C; Cambridge NanoTech) of HfO2 (5 nm) formed the second layer. 
Finally, lithography (AZ 5214), electron-beam evaporation (50 nm Ti) and lift-off defined the 
gate electrode.  
Forming two-terminal (2T) devices with individual SWNTs derived from arrays of 
SWNTs with low-density (0.1-0.3 SWNTs/μm) followed similar procedures. After forming the 
contacts, photolithography (AZ 5214) and subsequent RIE (100 mTorr, 19.6 sccm O2, 100 W, 45 
s) removed all of the SWNTs except those protected by narrow regions (~3 μm in width). 
Scanning electron microscopy (SEM, Hitachi S-4800) and electrical (Agilent 4155C) analyses 
further defined a subset of devices with only a single SWNT bridging the electrodes. Fabricating 
and characterizing transistors based on such 2T devices used gates on PMMA gate dielectrics, as 
described previously, to identify the m-SWNTs and s-SWNTs from the electrical responses.  
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4.4.4 Fabricating and Applying Removable Antenna Masks 
Removable antenna masks used cover glass (gold seal, No.1, 0.13 mm~0.17 mm thick; 
Fisher Scientific) as the supporting substrates, and molded micropillars of poly(dimethylsiloxane) 
(PDMS) as the adhesive media. The fabrication began with patterning the metal antennas (Ti 50 
nm or Ti 2 nm/Pd 48 nm), and then depositing a thin overcoat of SiO2 (40 nm). Subsequent 
photolithography defined square windows on another cover glass to form the mold. Spin-casting 
(4,000 r.p.m., 60s) a layer of diluted PDMS (two components mixed with 1:30 weight ratio, then 
diluted by Hexane with 1:16 volume ratio) onto the base, and then attaching the mold to the base 
in an aligned manner (MJB 4, Suss Microtec.) enabled the molding process. The base and mold 
were transferred into vacuum chamber (1×10
-4
 Torr, 10 min) to release trapped air bubbles. 
Baking on a hot plate (120 ˚C, 8 hours) fully cured the PDMS. Immersion in acetone for 
overnight dissolved the photoresist on the mold. Peeling off the base and cutting it into 
dimensions to match the quartz substrates formed the antenna mask. Application of a mask to a 
substrate with arrays of SWNTs (patterned into lengths of 80 μm) and Tc-resist relied on aligned 
transfer-printing. The PDMS micropillars held the mask and the sample together with a constant 
distance during microwave exposure. After exposure, the antenna mask was simply removed.        
4.4.5 Modeling of Thermocapillary Flow 
The physics of thermocapillary flow can be described by the one dimensional lubrication 
equation, 
2 3 2
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h h h h
t x x x
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 
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where  ,h x t  is the film thickness,  is the surface tension, which usually depends linearly on 
the surface temperature T of film [i.e.,  0 1 273T     ] where 0 is the surface tension at 
273 K and 1 is the temperature coefficient of surface tension, 
T
T x


 

   
is the thermocapillary 
stress, and  is the film viscosity.  The initial condition is   0, 0h x t h  , where h0 is the initial 
film thickness, and the boundary conditions are   0,h x t h   and  
2 2 , 0h x x t      
(zero pressure).  
The power absorbed by the SWNTs is the summation of a steady-state component Q0 
(power per unit length) and a time-oscillating component Q(t) with the frequency on the order of 
GHz. The thermal diffusion length is defined by  4 f  , where  is the thermal diffusivity 
of the film and f is the frequency of microwave radiation.  is usually on the order of 10-7 m2 s-1 
for a polymer. For f on the order of 1 GHz, the thermal diffusion length is less than 1nm, which 
is much smaller than the film thickness (~30 nm) such that the time-oscillating component of 
power yields a negligible surface temperature rise. Therefore, the surface temperature in Eq. (1) 
is mainly from the steady-state power Q0 and is given by
34
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where T0 is the background heating, L is the CNT length, ks and kf are the thermal conductivity of 
substrate and film, respectively, and J0 is the 0
th
 order Bessel function of the first kind. Here, kf = 
0.2 W m
-1 
K
-1 
and ks = 6 W m
-1 
K
-134,57
. Since the Tc-resist used in the experiment exhibits similar 
behavior as polystyrene with a molecular weight 1215 g mol
-1
, we take polystyrene's surface 
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tension with 0  and 1  as 47.410
-3
 N m
-1
 and 0.07810-3 N m-1 K-158, and viscosity 
1640
4 2531.38 10 Te     Pa s, where T has the unit of K, in our calculations. The Fortran solver 
PDE_1D_MG can be used to solve Eq. (1) to yield the evolution of the film thickness  ,h x t . 
4.4.6 Finite Element Analysis of the Microwave Field Distributions 
Three dimensional (3D) finite element simulations (COMSOL, RF module) yielded 
distributions of the microwave field around the antennas. Implementation of the scattering field 
formalism with plane waves (normalized E-field 1V m
-1
, polarized along the length of the dipole 
antenna) as the background field served as the platform for calculations of individual antennas. 
Treating the microstrip antenna and the SWNT with transition boundaries (thickness 50 nm) 
simplified the meshing while retaining the essential physics. Due to practical constraints in 
meshing, the SWNTs were modeled as 50 nm or 200 nm wide strips (with resistivity scaled to 
match with the resistance of the SWNTs per unit length). Perfectly matched layers (PML) 
enclosing the simulation domain ensured no reflections of the scattered waves. Calculations of 
antenna arrays utilized the perfect electrical conductor (PEC) and perfect magnetic conductor 
(PMC) conditions for the boundaries perpendicular to the background E-field and M-field, 
respectively, to guarantee periodicity. Scattering boundary conditions imposed at the upper and 
lower boundaries absorbed the scattered waves. The calculated E-field (within the middle gap L0) 
of the antenna arrays differed ~2% from that of individual antenna for the typical structure (LA = 
500 µm, WA = 65 μm, L0 = 15 µm, spacing between antennas in the array = 1200 μm).     
4.4.7 DC Transport Simulation for Different Metals as Contacts 
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The average current and total resistances of the SWNTs are determined by solving self-
consistently the 3D electrostatics and the 1D drift-diffusion transport through the SWNTs. The 
3D electrostatics accounts of the full device geometry: the SWNTs on the quartz substrate are 
terminated by source (S) and drain (D) contacts, and covered by insulating material Tc-resist. 
The results show that carrier transport depends sensitively on (i) the diameter of the tubes within 
the as-growth array, (ii) the work-function of the contact materials (Pd (5.1 eV), Au (5.0 eV), Mo 
(4.6 eV), Ti (4.33 eV), Al (4.1 eV), and Mg (3.7 eV))
40,54,59
, and (iii) effective applied bias, VDS 
(extracted by correlating the equivalent trench depths in Tc-resist for DC and microwave inputs).  
The source to drain of this two-terminal device is separated by L0 = 15 µm. These S/D contacts to 
the s-SWNTs may involve Schottky barriers (work function of the contact < (electron affinity + 
band gap) of the s-SWNT) or they can be ohmic (work function of the contact > (electron 
affinity + band gap) of the s-SWNT). For the s-SWNTs, irrespective of the contact type, we 
solve the electrostatics and charge density self-consistently
17,50
. We find that for the ohmic 
contact, the electrostatic potential drops linearly through the channel, as expected;  whereas, for 
the Schottky contact, the potential drop depends on the contact resistance and a self-consistent 
solution between electrostatic potential and charge density is essential. For low Schottky barriers 
(related to high work function contacts), the current is primarily thermionic; for very high 
Schottky barriers (related to low work function contacts), the band-bending close to the source 
contact can be significant enough to induce additional band-to-band tunneling current
50
. We note 
that the model is predictive because each component of the model has been validated against 
independent experiments
17,50
. A detailed description of the model follows.  
Carrier Transport in s-SWNT: The electrostatics potential, V, is a solution of Poisson 
equation, 
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 . - . (3)V     
Here, the dielectric constant of the medium is  . The charge density  , is a function of the 
density of carriers (electron and hole), and fixed interface charges (4.4×10
19
 cm
-3
)
17
. The fixed 
charges are determined by fitting the I-V characteristics for one SWNT and subsequently kept 
constant for all other simulations involving different diameters and contact work function. The 
electron and hole concentrations must be calculated as a solution of the continuity and the drift-
diffusion equations, as follows.  
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Where, R  is the direct band-to-band recombination rate, q is the electron charge, X is the 
position variable along the SWNTs, and GSBT,n(p) and GBTBT,n(p) are the generation rate in the 
channel for electron (hole) due to Schottky-barrier tunneling and band-to-band tunneling, 
respectively, from the source and drain contacts.  The expressions for GSBT,n(p) and GBTBT,n(p) 
along the s-SWNT, are 
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Here, 
G
21.5 10A E  A cm
-2 
K
-2
 is the Richardson constant, kB is the Boltzmann constant, T is 
the lattice temperature, and r is a position variable along the SWNTs. Effective mass of electron 
and hole is G 0 20m E m , where, 0m  is the mass of free carrier.  n,S(D) F,S(D) C B-E E k T  ,
 p,S(D) V F,S(D) B -E E k T  ,    ,C C C -rXE E r E X ,    ,V V V -rXE E X E r , where, EF,S(D) is 
the Fermi energy for carriers in S (D) contact. From Eq. (6)  is the reduced Planck’s constant, t 
is the wall thickness of the SWNT,
 
dV dX
 
is the local electric field along SWNT. The Fermi 
velocity (vF ~ 10
8 
cm s
-1
) depends the band structure of the SWNTs
17
. The band gap of s-SWNTs 
is related to the diameter of the tubes (d) as EG=0.7/d eV and   is the ideality factor. The drift-
diffusion currents for electron (hole), n(p)I in Eq. (4) is represented as, 
n FE n p FE p;  .           (7)
dV dn dV dp
I qn qD I qp qD
dX dX dX dX
      
 
Here, 
D n pI I I   is the current through the s-SWNT. The field dependent mobility is 
FE peak peak s1
dV
v
dX
  
 
  
 
, where, the peak mobility,   
2
peak 1600 300 1T d nm  , and 
sv  is the carrier’s saturation velocity
60
. Dn(p) is the electron (hole) diffusion coefficient.  
Carrier Transport in m-SWNT: Regardless the S/D work function, metallic carbon 
nanotubes form ohmic contact with source and drain. The electrostatic potential drops linearly 
within the channel and charge carriers drift in this potential profile. The current through the m-
SWNT can be calculated as   2D eff DS04I q h L V
38
, where, 
eff is the effective mean free 
path and h is the Planck’s constant. The parameter 
eff  can be expressed through Mathiessen’s 
rule as 
1 1 1
eff e T  
    , where e  is the elastic scattering mean free path and T is the distance an 
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electron must travel in the electric field to reach threshold scattering energy (  ) to emit an 
optical phonon (  = 0.2 eV) or zone boundary phonon (   = 0.16 eV)38. Specifically, 
T XqE   , where EX = VDS/L0 is the average electric field along the m-SWNT. The current 
flow through the m-SWNT, therefore, is     2D e X e X4 1I q h E q E    . The elastic 
scattering mean free path is proportional to the m-SWNT diameter through the relation e =300 
d
37
. 
Once we know the current through each s-SWNT and m-SWNT (discussed above), we 
calculate the average current for as-grown array SWNTs using the diameter distribution obtained 
from experiments (Ref
17
).  The average current for the as-grown array is computed as 
 s-SWNT m-SWNTD( ) D( )* *0.67 * *0.33 *0.67 *0.33i i i i i i
i i
I PDF I PDF PDF PDF     , where, i is the 
SWNT index. The average current of an array composed exclusively of s-SWNT is 
s-SWNT
D( ) *i i i
i i
I PDF PDF  . We compute the total power dissipation due to joule heating by 
integrating of the product of the current and local-field along the SWNT, and assume that the 
heating and the trench-depth are linearly correlated to the power dissipation along the channel. 
Finally, to differentiate between s-SWNTs vs. m-SWNTs, we obtain the CDF of diameter 
distribution of the as-grown array SWNTs by integrating the PDF (Ref
17
) and normalizing it to 1.  
We subdivide CDF in a 2:1 ratio and assign the corresponding fractions to s-SWNTs (0-67%) 
and m-SWNTs (68-100%). 
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4.6 Figures 
 
Figure 4.1 Microwave-based purification of large arrays of aligned SWNTs. (a) Schematic illustration of the key steps in the 
process. (i) CVD growth yields aligned SWNTs of both metallic and semiconducting types. (ii) Microstrip antennas (Ti) defined 
102 
 
Figure 4.1 continued. on this substrate convert incident microwave irradiation into Joule heating selectively in only the m-
SWNTs. The resulting heating causes local thermocapillary flow of a thin overcoat (~35 nm) of an amorphous organic material 
(thermocapillary resist, Tc-resist), thereby opening trenches at the m-SWNTs. (iii) Etching away the exposed m-SWNTs and 
removing the Tc-resist leaves arrays of pure, unmodified s-SWNTs. (b) AFM and SEM images at each step: (i) pristine arrays of 
SWNTs before the purification; (ii) topography associated with formation of trenches at the m-SWNTs; and (iii) s-SWNTs after 
the purification. Scale bar, 15 µm. (c) Statistics of the normalized average trench depths (h/H) along each SWNT, plotted as a 
function of the cumulated distribution fraction (CDF) of the SWNTs (387 in total).  The results indicate that ~36% of the SWNTs 
yield deep trenches. The inset provides a schematic illustration of the geometry for extracting the trench depth, with key 
parameters defined. (d,e) Cumulative transfer curves and output characteristics for 40 transistors built with purified arrays of 
SWNTs. The transistors utilize the Ti microstrip antennas as source and drain contacts, with channel lengths ~15 µm and channel 
widths ~1 mm, to achieve an on/off ratio ~103 and large output current ~25 mA.     
 
 
 
 
 
 
 
 
 
103 
 
 
 
Figure 4.2 The effectiveness of the microwave-based purification process. (a,b) Typical transfer curves and output 
characteristics (near the on state region) for the transistors built on small arrays of SWNTs before and after purification. The 
transistors use Ti metal as the source and drain electrodes, which also serve as the antennas during the purification. The on-off 
ratio of the transistors increases from ~2.2 to ~4.2×103, and the maximum output current decreases by only ~41%. (c) The 
maximum output current before and after (Imax_b and Imax_a, respectively) purification, as a function of the ratio of the number of 
SWNTs after purification to the value before purification (Na/Nb). Imax_a/Imax_b ranges from 0.1 to 0.6, and increases with Na/Nb. 
The results indicate that the s-SWNTs are well preserved. (d) Statistics of the on-off ratios (Ion/Ioff) of the transistors based on the 
SWNTs before and after the purification, respectively. The Ion/Ioff increases from < 5 to 1×10
3~106, suggesting the complete 
removal of the m-SWNTs. (e, f) Typical transfer curve and output characteristics of a transistor built on a small array of purified 
SWNTs with Pd contacts and a gate dielectric of SU8 (50 nm) / HfO2 (5 nm). The low hysteresis, p-type behavior facilitates 
extraction of the device mobility, which is ~1600 cm2 V-1 s-1 as shown in the inset graph.   
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Figure 4.3 Coupling between the microwave field, the antennas and the SWNTs.  (a) Finite element analysis (FEA) of the 
distribution of the electric field around a microstrip dipole antenna, revealing the strong enhancement near the gap between two 
antenna arms. Scale bar, 65 µm. (b) FEA of the field enhancement as a function of the length and width of the antenna. The 
enhancement scales approximately linearly with the length of the antenna while it is relatively insensitive to the width. (c) An 
equivalent circuit for the antenna and SWNT system. (d) Schematic illustration of an individual m-SWNT in contact with both 
arms of the antenna. The AFM topography image and the plot below show a relatively constant trench depth along the length of 
the SWNT. The green and red curves correspond to heating profiles from the FEA and circuit models, respectively. Scale bar, 5 
µm. (e) Schematic illustration of an individual m-SWNT in contact with only one arm of the antenna. The AFM topography 
image and trench profile show a decrease in the depth of the trench, starting from the edge of the antenna arm in contact with the 
SWNT to its opposite end, where the trench gradually vanishes. This trend matches the heating profile predicted by the FEA 
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Figure 4.3 continued. simulation. Scale bar, 5 µm. (f) Schematic illustration of an m-SWNT under an antenna without direct 
contact. The AFM topography image and plot of the trench profile are from an m-SWNT in an array of well-separated SWNTs. 
The trench not only exists in between the two antenna arms, but also extends underneath both arms. The heating profile computed 
using the circuit model with the resistivity of the SWNT as the only fitting parameter (70 kΩ µm-1) matches the trench profile. 
Scale bar, 20 µm. (g) Average trench depth along the SWNT, for 16 individual m-SWNT devices, as a function of the resistivity 
of the SWNT. The open circles and the red curve are heating profiles from the FEA and circuit model, respectively. (h,i) SEM, 
AFM topography and FEA images of arrays of SWNTs with only one side in contact and without contact, respectively. Scale 
bars, 15 µm.  
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Figure 4.4 Study of the mechanism for selective current injection into the m-SWNTs.  (a) Average current per SWNT (black 
symbols) evaluated in two terminal test structures at bias voltages of 1 V, 5 V, 10 V and 20 V, for different metals. Data for each 
metal type corresponds to results averaged from more than 100 SWNTs. The average current decreases as the work-function of 
the metal decreases. (b,c) Simulations of the average current per SWNT for different metal contacts. The simulation averages the 
currents from SWNTs with different diameters consistent with experimental measurements. For (b), the simulation assumes that 
1/3 of the SWNTs are metallic. For (c) the results involve only s-SWNT. The general trends from simulations match the 
experimental observations. As the work-function of the contacts decreases, the current in the s-SWNTs decreases due to the 
formation of the Schottky barriers at the contacts of the s-SWNTs. The slight increase of the current for Mg contact arises from 
band-to-band tunneling effects. (d)-(i) Experimental and simulated statistics of the normalized trench depths for different metals 
as the antennas during the microwave process, (d) Pd (113 SWNTs), (e) Au (229 SWNTs), (f) Mo (159 SWNTs), (g) Ti (311 
SWNTs), (h) Al (337 SWNTs), (i) Mg (170 SWNTs). For metals with relatively high work-function such as Pd and Au, both the 
m-SWNTs and some fraction of the s-SWNTs create trenches.  For metals with low work-function such as Mo, Ti, Mg, a distinct 
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Figure 4.4 continued. onset in the trench depth statistics separate the m-SWNTs from the s-SWNTs. The Al antenna results in a 
continuous distribution of trench depths, and a gap appears when the thickness of the film decreases to ~20 nm. This result 
suggests insufficient heating for the m-SWNTs, possibly due to the poor wettability of Al on the SWNTs. The simulations match 
the experimental results, thereby verifying that the Schottky barrier plays a key role in the selective heating of the m-SWNTs.    
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Figure 4.5 Purification based on removable antennas.  (a)  Schematic illustration of a process that uses removable antennas 
formed on a glass substrate with PDMS micropillars. Laminating this type of antenna mask on a substrate with aligned SWNTs 
coated with Tc-resist, followed by microwave irradiation results in sufficient heating to create deep trenches at the m-SWNTs. 
The micropillars hold the antenna mask and substrate together at a constant distance during the process. The mask can be 
removed afterward, for reuse. (b) Images corresponding to each step shown in the schematic illustrations: SEM image of the 
SWNTs before the purification (scale bar, 15 µm); optical image of the antenna mask after contacting the quartz substrate (scale 
bar, 50 µm); AFM topography image of the trench formation and SEM image after the etching and washing away the Tc-resist 
(scale bars, 15 µm). (c) Cumulative distribution function of the average trench depths (averaged on L0 = 8 µm) for 112 SWNTs. 
The continuous distribution of trench depths suggests that both m-SWNTs and some fraction of the s-SWNTs generate heat to 
create trenches. As a result, all m-SWNTs and a portion of s-SWNTs can be removed, depending on the trench depths, which are 
marked in regions that correspond to full elimination (judged by AFM and SEM), partial elimination (judged by SEM and 
empirical evidence from electrical probing) and full preservation. (d) Transfer curve from a typical transistor that uses arrays of 
SWNTs purified with an antenna mask.   
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CHAPTER 5 
PURIFICATION OF SWNTS WITH INTERDIGITATED ELECTRODES  
 This chapter was prepared for publish as “Purification of Aligned Arrays of Single-
Walled Carbon Nanotubes though Two Terminal Interdigitated Electrodes with Optimized 
Designs, X. Xie, M. A. Wahab, A. E. Islam,
 
J. Huang, B. Tomic, F. Du, S. N. Dunham, J. Lin, 
W. L. Wilson, Y. Huang, Y. Li, J. Song, M. A. Alam, and J. A. Rogers”. The simulations 
regarding of Schottky barrier effects and temperature distributions presented in this chapter are 
outcomes of close collaborations and joint work with theorists.  
5.1 Introduction 
 Single-walled carbon nanotubes (SWNTs) are one dimensional (1D) nanomaterials that 
are well suited for high performance electronics
1
. Field effect transistors (FETs) based on 
SWNTs have the advantages of high speed, high energy efficiency and easy for gate control
2,3
. 
To integrated SWNTs into transistors, the most advanced opportunity relies on the chemically 
and electrically pristine, horizontally aligned semiconducting SWNT (s-SWNT) films. One very 
promising path to realize such films starts to grow aligned SWNTs on quartz substrate
4,5
, and 
remove the metallic impurity afterwards. The difficulty is the purification. Several methods, 
including electrical breakdown
6
, optical ablation
7
 and chemical etching
8
 have been used for the 
purification. However, none of them have the ideal selectivity, either not being able to remove all 
the metallic SWNTs (m-SWNTs), or damaging significant portion of the s-SWNTs.  
 A recent advanced purification method based on thermocapillary flow and etching 
overcomes such problems
9
. Relying on the unique low temperature operation and heating 
differences directly based on electrical properties, this method achieves extremely high 
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selectivity. For initiating the thermocapillary flows only above m-SWNTs, both three terminal 
transistor structure
9
 and electromagnetic radiations such as infrared laser
10
 and microwave
11
 have 
been used for the selective heating. Among them, the microwave radiation represents the ideal 
choice in terms of effectiveness, scalability, cleanness and economic. With the field 
enhancements and Schottky barriers from the antennas, the microwave method has purified tens 
of thousands of SWNTs, achieving a purity level larger than 99.9925%. Further improving the 
processing efficiency requires a dramatic increase of the microwave reactor power as well as 
better heat managements, both of which are practically hard to realize. Here we introduce an 
alternative to overcome such issues. Electrically probing of two terminal (2T) interdigitated 
electrodes patterned on the SWNTs initiates the thermal capillary flows. The sufficient large 
power of the electrical source, as well as the simple structure of interdigitated electrodes enables 
the high efficiency and easy scale up of the purification. Relying on the Schottky barriers formed 
between the s-SWNTs and low work-function metal electrodes, currents injection (as well as 
Joule heating) primarily happens in m-SWNTs, which guarantee the selectivity. We perform 
experiments and simulations to optimize the designs of the interdigitated electrodes. We also 
show that pulse mode heating provide an simple solution for better heat management. With all 
those advances, we demonstrate the effectiveness by purifying millimeter size devices.      
5.2 Results and Discussion 
5.2.1 Interdigitated Electrodes for Selective Heating of m-SWNTs   
Figure 5.1a shows the schematic illustration of the purification process based on two-
terminal interdigitated electrodes. First deposition of catalysts on the quartz substrate and growth 
by chemical vapor deposition (CVD) yields aligned arrays of SWNTs. Photolithography and e-
beam evaporation define the the interdigitated electrodes. Afterwards, pulsed voltage stress is 
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applied to the electrodes to selectively heat the m-SWNTs, which drives the flow of a thin layer 
of thermocapillary resist that is pre-evaporated on to the substrate, to expose the m-SWNTs. 
Reactive ion etching (RIE) removes the exposed m-SWNTs afterwards, leaving the s-SWNTs 
unaffected. Figure 5.1b shows the SEM and AFM images of pristine arrays of SWNTs before the 
purification, and topography associated with formation of trenches at the m-SWNTs, 
respectively. Figure 5.1c is the statistical results of the normalized average trench depths (h/H) 
along each SWNT (extracted from the AFM image), plotted as a function of the cumulated 
distribution fraction (CDF) of the SWNTs. The results indicate that ~37% of the SWNTs yield 
deep trenches, which is close to the ratio of m-SWNTs (~1/3). This counting statistics is a strong 
evidence of selectivity. The underlying mechanism is the Schottky barriers, which is achieved 
when the interdigitated electrodes made of low work-function metals is in contact with the s-
SWNTs
11
.  
5.2.2 Interdigitated Electrodes Design and Effectiveness for Purification     
The design of the interdigitated electrodes is of great importance. Figure 5.2a shows an 
optical image of one such device (with four parallel channels). The schematic on the right 
defines the key parameters of the design, including the length and width of the electrode, and 
their spacing. A constrain regarding of the design is that, the voltage differences between two 
adjacent electrodes along the width direction (x-direction) needs to be small enough to ensure the 
uniform heating (Fig. 5.2a). To achieve this, the current transfer length, which is a function of 
product of the width and spacing, has to be larger than the width of the electrode as indicated in 
the Fig. 5.2b. With this design, we are able to demonstrate excellent purification results. Figure 
5.2c represents the typical transfer characteristics of the transistors based on purified SWNT 
arrays and unpurified ones. The density before the purification is ~ 1.5 SWNTs/μm. The high on-
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off ratio is strong evidence that all the m-SWNTs have been successfully removed. Figure 5.2d 
shows the typical output characteristic of the transistor after the purification. Figure 5.2e is the 
statistical results of on-off ratio and output current for transistors based on purified and 
unpurified arrays. The green and blue dashed ellipses indicate results from SWNTs with density 
~ 0.5 SWNTs/μm and ~ 1.5 SWNTs/μm, respectively. The high on-off ratio (>103), as well as 
the high output current retention (~20%) suggest that we have completely removed the m-
SWNTs and well preserved the s-SWNTs. 
5.2.3 Thermal Management through Pulsed Stress  
Thermal management becomes more and more important, as the total number of SWNTs 
being heated increases during the scaling up. The easiest and most feasible way to control the 
temperature rise is to use the pulsed heating method. Investigating the effectiveness starts with 
simulation based on infinity arrays of SWNTs (Fig. 5.3a is the schematic representation of the 
3D structure for the heat transport problem). Figure 5.3b defines the voltage shape of the pulsed 
stress. The key parameters are the voltage of the pulse V0, the length of the pulse t1, and the pulse 
interval t0. For a heating cycle, typically the temperature rises during the pulsed time t1, due to 
the constant Joule heating caused by the applied voltage. The thermocapillary flow mostly 
happens during this period of time. While the temperature gradually increases during t1, it 
decreases afterwards (Fig.5.3c). Figure 5.3d is the simulated maximum temperature increase of 
the top surface, as a function of position within a heating cycle. The black curve corresponds to 
an array density of 1.5 SWNTs/μm, with t0=1 μs and t1=10 μs. The red curve corresponds to the 
array density of 0.5 SWNTs/ μm, with t0=3 μs and t1=10 μs. They have similar temperature rise, 
showing the power differences between SWNTs with different density. Finally we have used the 
infrared camera to detect the average temperature of the device (Fig. 5.3d), and compared the 
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experimental measured temperature to the simulated ones. The results show good matches for 
SWNTs with both densities (0.5 SWNT/μm and 1.5 SWNT/μm) at various duty cycles. This 
elucidated the effectiveness of using pulsed stress as a way to control the heating.     
5.2.4 Asymmetric Contacted Schottky Diode Based on the Purified SWNTs   
We have further demonstrated the usage and effectiveness of the interdigitated electrodes 
based purification by studying the asymmetric contacted SWNT arrays. Asymmetric contacted 
SWNTs are suitable for making nanoscale light emitting diodes (LED)
12
, due to the easy 
fabrication and operation. One critical issue comes from the metallic impurities that consume the 
majority of the input power, generating enormous heat to contaminate the output spectrum. Our 
purification provides a solution for these problems. Figure 5.4a is the optical image of an 
asymmetric contacted device with interdigitated electrodes design. One side is low work-
function metal Ti which favors the electron injection, and the other side is high work-function 
metal Pd which favors the hole injection. Figure 5.4b-d shows the IV curve of the device before 
and after purification. The two-terminal current retention is ~20% and the rectification increases 
from ~1 to more than 10. This increases of the rectification matches with our expectation. Finally 
we show the benefit of removing the m-SWNTs. The infrared camera image of the device before 
the purification and after purification indicates a significant decrease of temperature (Fig. 5.4e). 
This is a natural consequence of the reduction of current, not only saving the power, but also 
successfully avoiding the spectrum contaminations from blackbody radiation.  
5.3 Conclusions 
We have introduced a thermocapillary flow enabled purification method, by using two 
terminal interdigitated electrodes to selectively heat the m-SWNTs for initiating the 
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thermocapillary flows. The low work-function metals in contact with the SWNTs guarantee the 
selectivity, which has been verified through the trench counting statistics. Experimental and 
simulation results uncover the design requirements of such interdigitated electrodes. We show 
that pulse mode heating provide a solution for better heat management. With all those advances, 
we demonstrate the effectiveness by purifying millimeter size devices.      
5.4 Materials and Methods 
5.4.1 Growing Horizontally Aligned SWNTs 
The growth process began with preparation of substrates by cutting quartz wafers (ST-cut; 
Hoffman) into dies (1.65cm×6.5cm; Disco DAT-6TM dicing saw), and annealing them for 16 
hours at 900 ˚C in air. Photolithographic patterning of resist (AZ 5214 positive photoresist), 
deposition of metal (Fe, 0.1 nm~0.8 nm; electron-beam evaporation, AJA), and lift-off 
processing defined strips of catalyst (10µm wide, spaced by 200µm) oriented perpendicular to 
the preferred growth direction on the quartz. Annealing the substrate at 950 ˚C in air for 1 hour, 
cooling to room temperature, and then heating to 925 ˚C again under a flow of H2 (200 sccm) 
prepared the catalysts for growth. Finally, introducing ethanol (bubbled from a flask at 0 ˚C by 
30 sccm H2 and 30 sccm Ar) into the growth tube at 925 ˚C for 30 min yielded horizontally 
aligned arrays of SWNTs. 
5.4.2 Removing M-SWNTs via Thermocapillary Flows and Etching 
One time photolithography (AZ 2020 negative photoresist), electron-beam evaporation 
(Ti 50nm, AJA) and lift-off defined the interdigitated electrodes. Thermal evaporation (Kurt 
Lesker) yielded a uniform, thin layer (typically 30 nm) of Tc-resist (α,α,α'-Tris(4-
hydroxyphenyl)-1-ethyl-4-isopropylbenzene; TCI International) that covers the entire substrate. 
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DC or pulsed voltage was applied through a semiconductor analyzer (SPA-Agilent 4155C) and a 
pulse amplifier (Agilent 81130A). The substrate was kept inside the vacuum probe station which 
provides a background heating ~80
0
C during the stress. After electrical stress and associated 
thermocapillary flow, reactive ion etching (10 mTorr, 1 sccm O2, 1 sccm CF4, 60~80 W, 17 s; 
Plasma-Therm RIE) removed the exposed m-SWNTs, without affecting the s-SWNTs. Stripping 
away the Tc-resist with acetone completed the process of forming arrays of purely s-SWNTs.   
5.4.3 Fabrication and measurement of transistors 
Fabrication of transistors (channel length L=15 µm, channel width W=1 mm) based on 
large-area, purified arrays of SWNTs started with etching away the Ti interdigitated electrodes 
by Ti etchant (Transene TFT). Photolithography, e-beam evaporation followed by lift-off formed 
the new Ohmic Pd contacts. Spin-coating poly(methyl methacrylate) (PMMA, 950 A7, 1,500 
r.p.m. 45s and then 4,000 r.p.m. 30s, baking 10 min at 110 ˚C) as the dielectric, and depositing 
Ti (50nm) as the top-gate through a shadow mask completed the fabrication processes. The 
characterizations of the transistors were carried out under ambient conditions by using the SPA 
(Agilent 4155C). 
5.4.4 Thermal Imaging 
Thermal camera (FLIR) took the thermal images of the devices being stressed by pulsed 
voltages. The temperatures were extracted based on the images and calibrated using temperature 
results obtained from the same device heated by a hotplate.  
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5.6 Figures 
 
Figure 5.1 (a) Schematic illustration of the purification process based on two-terminal interdigitated electrodes. (b) SEM and 
AFM images of pristine arrays of SWNTs before the purification, and topography associated with formation of trenches above 
the m-SWNTs, respectively. (c) Statistics of the normalized average trench depths (h/H) along each SWNT, plotted as a function 
of the cumulated distribution fraction (CDF) of the SWNTs. The results indicate that ~37% of the SWNTs yield deep trenches, 
which is close to ratio of m-SWNTs (~1/3). 
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Figure 5.2 (a) Optical image of the interdigitated electrodes incorporated into a device. The schematic shows the key parameters 
of the design, including the length and width of the electrode, and the spacing between two adjacent electrodes. (b) Voltage 
differences between two adjacent electrodes along the width direction (x-direction), for different designs. (c) Typical transfer 
characteristics of the transistors based on purified SWNT arrays and unpurified ones. The density before the purification is ~ 1.5 
SWNTs/μm. (d) Typical output characteristic of the transistor based on purified SWNT arrays. (e) Statistical results of on-off 
ratio and output current for transistors based on purified and unpurified arrays. The green and blue dashed ellipses indicate results 
from SWNTs with density ~ 0.5 SWNTs/μm and ~ 0.5 SWNTs/μm, respectively. 
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Figure 5.3 (a) Schematic representation of the three dimensional (3D) structure for the heat transport problem. (b) Schematic 
illustration of the pulsed voltage stress. The key parameters are the voltage of the pulse, the length of the pulse t1, and the pulse 
interval t0. (c)-(d) Simulated maximum temperature increase of the top surface, as a function of time within a heating cycle (at 
x=0)  and as a function of position, respectively. The black curve corresponds to an array density of 1.5 SWNTs/μm, with t0=1 μs 
and t1=10 μs. The red curve corresponds to an array density of 0.5 SWNTs/ μm, with t0=3 μs and t1=10 μs. (e) Infrared camera 
image of a device under a pulsed voltage stress during the purification process. (f) Experimental and simulated average 
temperature increase of the SWNTs with different densities under pulsed stresses of various duty cycles.    
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Figure 5.4 (a) Optical image of the interdigitated electrodes with asymmetric contacts. One side is low work-function metal Ti 
and the other side is high work-function metal Pd. (b)-(d) IV curve of the device before and after purification. The 2 terminal 
current retention is ~20% and the rectification increases from ~1 to more than 10. (e) Infrared camera image of the device before 
the purification and after purification, showing a significant decreasing of temperature. 
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CHAPTER 6 
LIGHT EMITTING DIODE BASED ON ARRAYS OF SWNTS 
 This chapter was published as “Electroluminescence in Aligned Arrays of Single-Wall 
Carbon Nanotubes with Asymmetric Contacts, X. Xie, A. E. Islam, M. A. Wahab, L. Ye, X. Ho, 
M. A. Alam,
 
and J. A. Rogers, Acs Nano 6, 7981-7988 (2012).” Reproduced with permission 
from this journal. The modeling presented in this chapter are outcomes of close collaborations 
and joint work with theorists.  
6.1 Introduction 
Past work suggests that single-wall carbon nanotubes (SWNTs) have promise as 
nanoscale light sources, in which emission occurs by electron-hole recombination (EHR).
1
  
Electroluminescence (EL) in SWNTs senses environmental changes,
1
 correlates to strongly 
bound excitons,
2,3
 moves along the length of SWNT with applied bias,
4-7
 all with emission 
wavelengths that depend on SWNT diameter.
1,8
 This unique combination of optoelectronic 
properties might make SWNT light emitters interesting for certain applications that cannot be 
addressed in any other way.
1,9,10
 Traditionally, EL in SWNTs is achieved using field-effect 
transistor (FET) structures, where electrons and/or holes injected from source and drain contacts 
create EL in the SWNT channel (in ambipolar FETs,
4,5,11,12
 and in split-gate FETs, which are 
also known as electrostatically doped p-i-n diodes
13
). In other forms of (unipolar) FETs,
14-17
 
electrons/holes created locally through impact excitation enable EL in regions with high electric 
field. Except for emitters fabricated as split-gate FETs,
13
 which suffer from poor electron/hole 
injection, power conversion efficiency in these light-emitting devices (LEDs) are generally low.  
Another disadvantage is that the structures all require three or more terminals. Two terminal 
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SWNT-based LEDs (2T-LEDs), powered by asymmetric contacts with Fermi levels near the 
conduction and valence bands of SWNTs offer a simpler geometry, with improved electron/hole 
injection.
18
 Nevertheless, the threshold current for EL in such devices is relatively high 
compared to LEDs based on split-gate FETs.
13
 The mechanisms for such high threshold currents, 
the spatial locations for EL along the SWNTs, and the diameter dependence of EL in 2T-LEDs 
remain incompletely understood.  
In this paper, we analyze EL in 2T-LEDs fabricated with perfectly aligned, horizontal 
arrays of SWNTs grown by chemical vapor deposition (CVD) on transparent quartz substrates. A 
spatially-resolved infrared imaging system reveals the locations of EL and the dependence of EL 
on diameters of the SWNTs, in a way that yields statistically relevant information. Responses 
from individual SWNTs indicate that the voltages required for EL (VT,EL) are always 
considerably higher than those for current injection (VT), consistent with a high threshold current 
for EL.
18
 We present a theoretical model that captures the details of device operation, explains 
the origin of EL, and postulates quenching of excitons near the lower work-function metal 
contact as the mechanism for the differences between VT and VT,EL. Above VT,EL, EL occurs near 
the lower work-function metal contact, and exhibits an emission spectrum with full-width half-
maximum (FWHM) ≥ 0.06 eV.  
6.2 Results and Discussion 
6.2.1 Light Emission and Spectra Analysis from SWNTs with Asymmetric Contacts 
Figure 6.1a provides a schematic illustration of a 2T-LED that uses Ca and Pd as the 
contacts. A scanning electron microscope (SEM) image of part of a ~ 150 µm wide device 
(Figure 6.1b) shows arrays of aligned SWNTs in between contacts separated by ~ 8 µm. 
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Separately fabricated 2T-LEDs with individual semiconducting SWNTs (s-SWNTs) allow 
studies of the statistical distribution of VT. In all cases, the devices operate with the Ca contact 
electrically grounded and with a suitable bias (VA) applied to the Pd contact. Figure 6.1c-f show 
spatial profiles of EL at different VA measured in air through the transparent quartz substrate 
with a liquid nitrogen cooled InGaAs infrared camera.
5
 EL always appears near the lower work-
function contact (Ca), except for a few instances at high VA where isolated and random EL spots 
occur near the higher work-function contact (Pd) (Figure 6.1e-f). Since the SWNT arrays have 
average densities of ~ 2-3 tubes per μm,19 with local values that can be higher, and the diffraction 
limit of the IR camera is ~ 1.5 μm,5 each pixel in the EL spatial profile may include contributions 
from more than one SWNT. (Since metallic SWNTs only show emission at very high lateral 
electric fields,
20,21
 all of the EL effects studied here can be assumed to originate from s-SWNTs.) 
Figure 6.2a plots the spatially integrated EL intensity as a function of VA for different bright 
spots near the Ca contact of Figure 6.1c-f. The results suggest negligible EL at VA < VT,EL, where 
the magnitude of VT,EL is defined by the x-axis intercept of a straight line drawn at maximum 
d(EL)/dVA with matching slope (dotted line in Figure 6.2a).  The values of VT,EL calculated from 
~ 100 EL spots near the Ca contact are distributed between 2.5-6.5 V (Figure 6.2b).  
The contact with low (high) work-function injects electrons (holes) into the conduction 
(valence) band of each s-SWNT.
18
 These injected electrons and holes can recombine near the Ca 
contact to produce EL. (Similar EHR near metal contacts is also observed in LEDs made with 
ambipolar FETs and SWNT networks, where electrons injected as minority carriers from one 
contact recombines with holes injected as majority carriers from the other contact.
12
 As 
explained later, similar situation also arises in 2T-LEDs.) Therefore, the current (i.e., rate of 
electron/hole flow) in 2T-LEDs is correlated to EL intensity, and both are expected to have 
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similar dependence on VA. By contrast, current-voltage characteristics of 2T-LEDs made with 
individual s-SWNTs
22
 show conduction at VA < VT,EL (Figure 6.3a) and exhibit a narrow 
distribution in VT (Figure 6.3b), where the magnitude of VT is considered to be the x-axis 
intercept of a straight line drawn at maximum dIA/dVA with matching slope. Differences in VT 
and VT,EL, therefore, suggest negligible conversion of EHR to EL at VT < VA < VT,EL.  Although 
dark noise in the imaging system has been identified as a reason for similar differences (i.e., EL 
for VT < VA < VT,EL is simply undetectable) in FET-based LEDs,
23
 the calculated and measured 
noise levels in our setups are much lower than those needed to explain the differences that we 
observe here. 
EL spectra collected at different wavelengths (λ) provide insights into the possible roles 
of impact excitation
13,20,24
 and black-body radiation
25,26
 in the operation. Figure 6.4a shows a 
spectrally resolved EL image collected near the Ca contact (integrated intensity over the detected 
wavelength range, λ ~ 1200-1600 nm, is shown right). The EL spectra at different emission spots 
(Figure 6.4b-c) are characterized by single or multiple Lorenzian peaks with FWHM ≥ 0.06  
0.0025 eV. Using EEL = Eg - Ebinding (where EEL is the energy of EL, Eg is the bandgap of a s-
SWNT, and Ebinding is the binding energy for exciton dissociation), the emission wavelengths can 
be correlated to the diameters of s-SWNTs. Such correlation is performed both using theoretical 
expressions for Eg ~ 0.84/d 
27,28
 and Ebinding,
3
 and using empirical expression of EEL ~ 
1.11/(d+0.11),
8
 where the units of energy and diameter are in eV and nm, respectively. The 
calculation suggests s-SWNTs with smaller d (~ 0.63-0.82 nm (theory), ~ 0.96-1.32 nm 
(empirical)) have emission peaks (Figure 6.4b-c) and those with larger d (> 0.82 nm (theory), > 
1.32 nm (empirical)) have emission tails (Figure 6.4d) within the measurement window. 
Although the EL intensities depend on VA, the spectral shapes are symmetric and do not depend 
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on VA (insets of Figure 6.4b-d); i.e., have VA independent FWHM. These spectra represent 
emission from one or multiple s-SWNTs
12
 (each with FWHM ~ 0.06~0.09 eV) that lie within the 
limit of spatial resolution (Sres ~ 1.5 μm
5
) of the imaging system. The FWHMs for single s-
SWNTs are somewhat larger than those reported in literature,
5,13,18
 though comparable to the 
values observed for near contact EL,
12
 possibly due to effects related to the proximity of the 
metal contacts to the point of emission.
11,25
 The observed peak wavelengths of emission, the 
FWHMs and the lack of dependence on VA are incompatible with alternative mechanisms for 
emission based on impact excitation
13,20,24
 and blackbody radiation.
26
 The former leads to EL 
typically characterized by a diameter dependent peak wavelengths and FWHMs ≥ 0.1 eV, which 
remain steady and increase, respectively, with increasing VA.
13,20,24
 Blackbody effects, by 
contrast, involve wavelengths and FWHMs, which decrease and increase, respectively, with 
increasing VA.
26
  By Wein’s law,29 the temperatures of the SWNTs would need to be 
unrealistically high (~ 1500 
0
C) in order for radiation to appear in the experimentally observed 
window.  In addition, emission at such temperatures would, by Planck’s law,29 have spectral 
widths of ~ eV.
26
 
To summarize the experimental findings of Figures 6.1-4: (i) EL occurs near the lower 
work-function contact, (ii) EL has a large current threshold, and (iii) EL parameters (such as VT, 
VT,EL) are characterized by statistical distributions.  
6.2.2 Light Emission Mechanism  
A theoretical framework based on a self-consistent solution of the Poisson and drift-
diffusion equations can account for these experimental observations in a way that connects EL 
parameters to intrinsic properties of s-SWNTs. Solution of the three-dimensional Poisson 
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equation captures effects of the thicknesses and widths of the contacts through their influence on 
the electrostatics. The solution of the drift-diffusion equation describes one-dimensional carrier 
transport along the s-SWNTs. The mobility model
30
 used in drift-diffusion equation is calibrated 
against experimental measurements reported elsewhere.
30,31
 To facilitate rapid simulation, carrier 
densities were calculated using simple analytical equations
32,33
 for different positions of the 
Fermi levels within the bandgaps of s-SWNTs. In addition, simulation captures the influence of 
(oxygen and water induced) negatively charged interface defects
34,35
 on the electrostatics of s-
SWNT by doping the s-SWNTs with acceptors (simulation steps are detailed in the ‘Methods’ 
section). 
Figure 6.5a illustrates the current conduction and EL mechanisms for 2T-LEDs.  
Differences in the work functions of the contacts (5.1 eV for Pd
36
 and 3.5 eV for Ca
37-39
) enable 
injection of electrons and holes from the two sides of the devices, when VA is above VT (VT 
decreases with increasing s-SWNT diameter, due to a reduction in the bandgap, and by 
consequence, the electron barrier near the Ca contact (ФB,Ca), and the hole barrier near the Pd 
contact (ФB,Pd)). Simulation suggests that injected holes from the Pd side reach the Ca contact 
and cannot flow over (current component Ip1 in Figure 6.5a) or tunnel through (Ip2 in Figure 6.5a) 
the Schottky barrier near the Ca contact, whereas injected electrons from the Ca side remain near 
the metal contact because of the energy barrier ФB,Ca. As a result, most carriers recombine near 
the Ca contact (Figure 6.5b), where exciton formation precedes photon emission. (Strong 
electron-hole interactions during EHR in one-dimensional s-SWNTs lead to excitons
2
 with 
diameter dependent binding energies.
3
) However, only a fraction of these excitons contribute to 
EL. At low VA, ФB,Ca is much larger than kBT/q (Figure 6.5c), where kB is the Boltzmann 
constant and q is electron charge, that restricts EHR near the Ca contact (Figure 6.5d). Excitons 
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formed near the Ca contact can diffuse, with diffusion length ~ 9-600 nm,
40-43
 towards the Ca 
contact, where they are quenched, thereby suppressing EL. (Such quenching effects have been 
studied extensively in the context of organic optoelectronic devices.
44,45
) Quenching can also 
occur near the Ca contact via unintentional doping of SWNT,
42,46
 or due to exciton-exciton 
annihilation.
17
 In the simulation, we consider such exciton quenching up to Lq = 250 nm away 
from the Ca contact. As VA increases above VT,EL, ФB,Ca decreases and becomes comparable to 
kBT/q (Figure 6.5c). In this circumstance, electron flow extends further away from the quenching 
sites through thermal excitation, thereby leads to EHR in those regions. Excitons formed in these 
regions can recombine and result in EL. The s-SWNT diameter controls the magnitude of ФB,Ca 
at fixed VA (Figure 6.5c), therefore, an increase in diameter results in a decrease in VT,EL.  
Figure 6.6a-b show the computed dependence of IA on VA and the spatially integrated 
(from Lq to Lq + Sres) rate for EHR in 2T-LEDs having s-SWNTs with different diameters. 
Simulations include the entire diameter distribution of s-SWNT, with plotted results selected to 
correspond to the range of diameters that gives rise to detectable EL, as set by the quantum 
efficiency (QE) of IR camera. The computed diameter dependence of VT (from IA vs. VA) and 
VT,EL (from integrated EHR rate vs. VA), the measured diameter distribution of the s-SWNTs, 
and the QE of the camera enable calculation of distributions in VT and VT,EL. The results appear 
in the insets of Figure 6.6a,b. These simulated distributions, as well as the computed IA-VA and 
EL-VA relationships, show excellent agreement with the measurements of Figures 6.2-3.  The 
only exception is that the results do not capture effects of saturation that are observed in IA at 
large VA for certain 2T-LEDs. This discrepancy is likely due to the absence of effects of contact 
resistance,
47
 carrier back-scattering,
47
 or self-heating
48,49
 in the models.  Concerning the potential 
role of impact excitation, simulations suggest that the peak electric fields (Efield) along the s-
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SWNTs (even at VA = 10 V, which is larger than the voltages used during measurement) are 
smaller than those
28
 needed for impact excitation for s-SWNTs with d in the experimental range 
(0.6~3 nm) (Figure 6.5e). The relatively rare observations of EL near the Pd contact (arrows in 
Figure 6.1e,f) and at locations in between the Ca and Pd contacts are likely related to defects in 
the SWNTs, impurities or trapped charges
50
 that can lead to sufficiently high local increases in 
Efield (hot spots).  
6.3 Conclusions 
We examine the mechanisms of EL in s-SWNTs using a simple two-terminal device 
geometry, with asymmetric contacts.  Analysis of devices of this type, with both isolated SWNTs 
and parallel aligned arrays of them, suggests that emission results from exciton-mediated, 
electron-hole recombination near the lower work-function metal contact. Although the devices 
offer efficient injection of electrons and holes, emission is suppressed at low current levels due to 
quenching of excitons near the metal contact with low work function. Reducing the exciton 
diffusion length by enhancing the dielectric screening
3,51
 may have potential to reduce the 
threshold current and increase the emission efficiency.  
6.4 Materials and Methods 
6.4.1 Experiment 
Fabrication of 2T-LEDs starts with the growth of aligned SWNTs via chemical vapor 
deposition (CVD) on a stable temperature (ST)-cut transparent quartz substrate using procedures 
described elsewhere.
52
 Contacts are deposited (1 nm Ti/40 nm Pd on one side by electron beam 
deposition using Temescal FC-1500 and 5 nm Ca/30 nm Al on the other side in argon ambient 
by thermal evaporation within an MBRAUN glove box system (H2O < 0.1 ppm, O2 <5 ppm)) 
129 
 
onto the substrate in regions defined by photolithography. Here, the 1nm layer of Ti improves 
adhesion of Pd with quartz
52
 and the 30nm layer of Al protects Ca against oxidation.
53
 Etching of 
SWNTs in regions outside the device by O2 plasma (Plasma Therm; 100 mTorr pressure, 20 
sccm flow, 100 Watt RF power) using a photolithographically defined mask isolates the 2T-
LEDs. All devices have contact separation L ~ 8 µm and width W ~ 150 µm (Figure 6.1a). In 
addition to these array-based 2T-LEDs, we built similar devices with individual s-SWNTs
22
 
using procedures identical to those described above. An additional step involves removal of 
SWNTs everywhere except for a narrow strip of width ~ 1.5 µm defined by photolithography. 
SEM imaging allows identification of devices with single SWNTs. The yield of working devices 
containing single s-SWNTs is ~ 3 %.
19
 
EL in 2T-LEDs is measured in air from the back of the transparent quartz substrate using 
a liquid nitrogen cooled InGaAs infrared camera (detected wavelength range: λ ~ 800-1600 
nm).
5
 For measuring EL spectra of Figure 6.4, a spectrometer (with grating 150 grooves/mm and 
blaze 1250 nm) is placed before the IR camera to disperse the incoming light from LED. 
Resultant EL spectra span a wavelength range of ~ 1200-1600 nm. 
6.4.2 Modeling 
Simulation of a 2T-LED containing a single s-SWNT of diameter d involves self-
consistent solution of electrostatics and current flow. To obtain conduction (EC) and valence (EV) 
band profiles (Figure 6.5a), electron (n) and hole (p) concentration profiles, and Efield (= dEC/dx; 
Figure 6.5e) profile along the length of the tube (x), and barriers for carrier injection (ФB,Pd, 
ФB,Ca; Figure 6.5a,c), we solve electrostatics using the Poisson equation  
    -. ε V q p n N , (1)a        
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where V is the electrostatic potential, ε is the dielectric constant, and Na
 is the ionized impurity 
used to capture the influence of negatively charged interface defect
34,35
 on the electrostatics of s-
SWNT.  
To simulate the electron (In) and hole (Ip) currents (Figure 6.5b), total current (
A n pI = I + I ; Figure 6.6a), and EHR rate (Figure 6.5d), the following drift-diffusion equations 
are solved:  
 
pn
SBT,n SBT,p
dIdI1 1
R G 0;  R G 0; (2)
q dx q dx
        
 
n FE n p FE p
dV dn dV dp
I qnμ qD ;  I qpμ qD . (3)
dx dx dx dx
        
In eqs 2-3, 2
iR β(np n )  is the EHR rate for direct band-to-band recombination,
7,54
 β is the 
coefficient of EHR, μFE is the mobility that depends on Efield and d,
30,31
 and Dn(p) is the diffusion 
coefficient for electrons (holes). GSBT,n(p) in eq 2 is used to represent electron (hole) tunneling 
through the Schottky barriers near the contacts.
55,56
 Information obtained from the self-consistent 
simulation of Poisson and drift-diffusion equations at different VA are used to calculate EL 
intensity (Figure 6.6b) by integrating EHR rate from Lq to Lq + Sres (since EHR is quenched for 
positions within x = 0 ~ Lq). 
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6.6 Figures 
 
 
Figure 6.1 (a) Schematic illustration and (b) SEM image of a two terminal light emitting device, consisting of Ca, Pd contacts, 
and aligned SWNTs in horizontal arrays. Devices have contact separation L ~ 8 µm and width W ~ 150 µm. Electroluminescence 
(EL) appears in such devices upon application of a bias VA at the Pd contact, while grounding the Ca contact. (c-f) Dependence 
of spatial patterns of emission on VA, measured using a InGaAs CCD camera (wavelength detection range: λ ~ 800-1600 nm). 
The labeled schematic illustrations at the bottoms of each of these images show the positions of the contacts. Most EL appears 
near the Ca contact. At large VA, it is possible to observe EL at other locations, such as near the Pd contact (e.g., white arrow in 
(f)).  
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Figure 6.2 (a) EL intensity vs. VA for several, representative emission spots near the Ca contact, as obtained from Figure 6.1c-f. 
The threshold voltage for EL (VT,EL) is defined as the x-axis intercept of lines (such as the dashed one shown here) drawn at the 
maximum of d(EL)/dVA. (b) Distribution of VT,EL determined from an analysis of ~100 emission spots. 
 
Figure 6.3 (a) IA vs. VA characteristics for three representative devices, each of which incorporates a single s-SWNT. The arrows 
indicate the values of VT for each device. (b) Distribution of VT determined from an analysis of data collected from 30 such 
devices.  
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Figure 6.4 (a) Plot of energy-resolved EL measured along the width (i.e., perpendicular to the alignment direction of SWNT 
arrays) of a representative device near the Ca contact. The frame on the right shows the spatial profile of the integrated EL and 
the label below the frame show the positions of the contacts. The white dots correspond to the dashed white lines on the left. EL 
spectra collected at various values of VA at spots L1, L2 and L3 appear in (b), (c) and (d) respectively. The insets in each case 
show normalized data, which suggest negligible changes in emission profiles with VA.   
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Figure 6.5 (a) Schematic illustration of the energy band diagram (EC: conduction band, EV: valence band) vs. distance (x) along a 
s-SWNT in a device with Ca and Pd contacts on the left and right, respectively. (b) Computed currents associated with electrons 
(In) and holes (Ip) for s-SWNTs with different diameters (d) suggest EHR and exciton generation near the Ca contact, and 
negligible contributions from flow of holes over the Schottky barrier (Ip1) or tunneling through the barrier (Ip2). (c) The calculated 
electron barrier height near the Ca contact (ФB,Ca) decreases with VA and becomes comparable to kBT/q at room temperature (RT) 
for large d. (d) Plot of calculated EHR rate vs. x suggests that exciton generation can occur at positions beyond a quenching 
length (Lq ~ 250 nm) for VA > VT,EL (~ 2.4 V for d = 1 nm).  These excitons can lead to EL. (e) Calculated electric fields (Efield) 
vs. x for different d at VA ~ 10 V (higher than the VA used in measurements) are lower than the critical values needed for impact 
excitation.28 
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Figure 6.6 Simulated (a) IA vs. VA and (b) integrated EHR rate vs. VA for s-SWNTs with different suggest different probability 
distribution functions (PDF) for VT and VT,EL (insets). These distributions, as well as the behaviors of IA vs.VA and integrated 
EHR rate vs. VA, are similar to the experimental observation. 
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CHAPTER 7 
CONCLUSIONS AND OUTLOOK 
7.1 Conclusions  
 We believe that the best approaches to achieve large area, horizontally aligned arrays of 
pure s-SWNTs involve first grow SWNTs on quartz substrate via CVD, and then do post-
purifications to remove the metallic impurities. Under this philosophy, we have focused our 
efforts to develop effective purification methods during my Ph.D study
1-4
. Building around this 
core, we have also developed a tip-based thermal imaging technique
5
, and have demonstrated 
SWNT-based electronic and optoelectronic devices
6
. 
 The initially developed purification method uses a key phenomenon called nanoscale 
thermocapillary flows, driven by Joule heating in SWNTs via complex, three-terminal transistor 
structures. A series of processing steps built around it effectively remove the m-SWNTs, 
including patterning the transistor structures, depositing the Tc-resist, selectively forming 
trenches above m-SWNTs and etching by oxygen plasmas. In order to understand the 
thermocapillary flows, we have developed a thermal imaging technique (SJEM) and further 
applied it to investigate the temperature rise of the system. Together with the theoretical 
calculations, we have found that the low power, low temperature feature of the thermocapillary 
flows is the most advantageous.       
  One huge improvement of the purification removes the device dielectric/electrode 
architectures that are fabricated to induce electrical Joule heating effectively. These structures 
are complex and cumbersome, leaving residues that are impossible to clean up. We have used 
microwave radiation to selectively heat the m-SWNTs for initiating the thermocapillary flows.     
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For desktop microwave source that we use, typically metal antennas are needed to enhance the 
radiation to the level achieving effective heating. We have fully understood the interactions 
between the free radiation, antennas and SWNTs, through experiments and simulations. A series 
of simple steps form the purification process. We have also found that the Schottky barriers 
formed between the low work-function metal antenna and the SWNTs is the key for excellent 
selectivity. Without the direct contact between the antenna and the SWNTs, the purification 
eliminates the need to perform any processing on the SWNT substrate, but with only moderate 
selectivity. We have demonstrated the effectiveness of the microwave based purification through 
studying electrical properties of tens of transistors. We have also showed the scalability by 
implementing this method on large arrays consisting of ~20,000 SWNTs, and completely 
removing all of the m-SWNTs (~7000) to yield a purity of s-SWNTs at a level corresponding, 
quantitatively, to at least to 99.9925% and likely significantly higher.  
 When microwave source (with high intensity) is not accessible, two terminal 
interdigitated electrodes consists of low work-function metals serves as an alternative for 
inducing heating selectively in m-SWNTs. Although simple, the interdigitated scheme allows us 
to study the details of two important aspects of the purification process. The first one is the 
effectiveness of the Schottky barriers, in terms of applied voltage and channel length. The other 
one is the thermal management, by using pulsed electrical stress.  
 The aligned arrays of pure s-SWNTs, although not suitable for digital electronic 
applications for the time being (due to relatively low density), are perfect materials for thin film 
transistors and optoelectronics like LEDs (related to ‘more than Moore’). We have integrated the 
SWNTs into transistors, which show excellent on/off ratio and device mobility (~1100 cm
2
/V/s). 
By using asymmetric contacts, we have also fabricated and studied the electroluminescence of 
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SWNT-based LEDs. These results represent important first steps towards the practical 
implementation of SWNTs in electronic and optoelectronic systems. 
7.2 Outlook 
 Several future research directions, including both short term and long term, are inspired 
by the work described in this thesis.  
7.2.1 Possible Directions 
The current purification method still needs metal antennas to concentrate the microwave 
or to achieve good selectivity. It is very likely that the size of the antenna can shrink down once 
high power microwave reactor is available. Even right now, the removable antenna scheme is 
favorable in processing. However, to completely remove the antennas, we have to consider the 
selectivity as well. The unique Schottky barrier provided by the low work-function antennas is 
the key for the selectivity. Without it, the heating is soly controlled by charge densities (doping 
level), which suggests that the p-type s-SWNTs in ambient air will cause substantial heating as 
well. Luckily the carrier concentration control of SWNTs is considered a critical device 
challenge which has to be solved towards to the digital applications
7
. With those momentums, 
hopefully we can operate the purification on intrinsic SWNTs without any antennas. 
Another issue is the limited resolution of the purification method, which is only 
applicable for SWNTs with a density smaller than 5 SWNTs/um (corresponding to trench 
width~200 nm). It is likely to find another Tc-resist with better etching resistivity, which can 
help shrink the thickness of the coating to 5~10 nm (corresponding to trench width~40nm, and 
density ~25 SWNTs/um)
1
. Further increasing the resolution based on the thermocapillary flows 
is possible, by increasing the power and decreasing the viscosity of the Tc-resist. The ultimate 
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scaling limit, however, would rely on a single molecular layer of materials that can be selectivity 
bond to the m-SWNTs (or s-SWNTs) triggered by the thermal process. Afterwards, the m-
SWNTs (or s-SWNTs) can be destroyed (preserved) by a second chemical or physical process. 
 Improvement of the growth density is absolutely necessary. The ultimate goal for digital 
applications is pure s-SWNTs with density ~100 SWNTs/um in consistent pitches. While this 
goal is very ambitious, the current growth technique can yield density ~20 to 50 SWNTs/um. 
With selective growth, 95% pure s-SWNTs with density ~10 SWNTs/um can be obtained
8
 and 
incorporated to the purification process.     
Thin film transistors and LEDs are two types of applications based on purified aligned 
arrays of SWNTs. Referring to the ‘more than Moore’ roadmap, at least another two applications 
would be quite interesting (also without the restriction of high density). The first one is the low 
noise amplifiers for RF electronics, with pure s-SWNTs possessing the benefits of both high 
mobility and inherent linearity. The other one is the chemical sensors. Aligned SWNTs has low 
subthreshold swing and large surface-to-volume ratio. Integration with microfluidic devices 
would open a fruitful research topic.  
7.2.2 Visions for Future  
The best scenario one can imagine is to grow perfectly aligned, all semiconducting (or 
even single chirality) SWNTs with consistent spacing~10 nm (corresponding to 100 
SWNTs/um) by CVD. However, this requires continuous efforts on understanding and 
controlling the catalysts, substrates and various CVD parameters including feeding gas, 
temperature, humility, et.al. There are some progresses towards to this goal recently. However, 
significant breakthrough has not shown up yet.   
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   Less ambitious, more practical approaches to achieve dense aligned s-SWNT films rely 
on both purification and transfer printing
9
.  In detail, there are two different paths.  
 The first one starts with low density SWNTs arrays followed by purification and 
multiple transfer printing to increase the density
10-12
. This path is mature enough, especially 
considering that both transfer printing and purification have been applied to pristine arrays 
separately. Several possible engineering issues are (1) removing the contacts after purification 
for SWNT pickup (2) finding one adhesive material to pick up the SWNT that leave little residue. 
The Schottky barrier mechanism in the purification allows the choice of versatile metals and 
etching. With advances in controlling the doping of SWNTs, we believe issue (1) can be 
completely solved by using the removable antenna scheme. At the same time, progresses have 
been made on issue (2), where different water solvable polymers have been used to replace the 
metal as the transfer printing media to reduce the residue.  We believe residues from transfer 
printing can be further reduced with continuous efforts in this direction. 
 The second approach involves fundamental improvements of the purification resolution, 
which will enable the operation on SWNTs with much higher density (20~50). With this 
capability, in combination of advances in selective growth, it is possible to obtain pure SWNTs 
with desired density. 
 Finally, we believe that the research presented here has completed the framework 
towards to the goal of high density perfectly aligned arrays of s-SWNT. 
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